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Particle coating in fluidized bed equipment is common practice for improving the 
properties of solid products, particularly in the pharmaceutical, food and agricultural 
industries.  In this thesis, the application of particle coating to pharmaceutical products 
utilizing the Wurster-column coating process is addressed.  This technique is extensively 
used in the pharmaceutical industry for precision drug coating and modified release 
coating of tablets and pellets. 
The simulation of particle movement in fluidized beds has been successfully 
developed using Monte Carlo simulation.  Raw velocity and voidage data for each region 
of a semicircular fluidized bed, obtained by Subramanian (2001), are used in the 
simulation.  The average velocities in the x- and y-directions, the average voidage, and 
the standard deviations of the velocities in each region were calculated and used as input 
data for the model.  Random numbers generated from a unit normal distribution were 
used to determine the starting position of the particle as well as the movement of the 
particles within the bed.  The simulation results show that the pattern of particle 
movement is similar to the velocity profile of the original data and voidage profile agrees 
with the original data. 
A simple experiment in an empty (without particles) fluidizing bed shows that the 
spray material moves vertically through the draft tube and out of the top of the bed.  In 
addition, the spray material was found to vary radially from the spray nozzle and form a 
non-symmetric spray distribution.  The simulation results, which are verified with pulse 
test experiments, show that the spray distribution and the spray shape at the bottom of the 
bed varied with different bed conditions, particularly with and without the presence of a 
particle deflector.  Comparison of simulated results with pulse test experiments showed 
that the distribution of spray material and shape of the spray play important roles in the 
prediction of the mass coating distributions per-tablet-per-pass through the spray zone.   
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CHAPTER I: INTRODUCTION 
The fluidized bed technique, originally developed as a method for contacting 
coarse particles with gas, consists of a jet of gas forced vertically upwards through the 
bed of solid particles.  As the gas travels through the particle bed, it imparts unique 
properties to the bed.  For example, the bed behaves in many ways like a liquid.  As gas 
flow increases, the solids remain fluidized and the mixing within the bed becomes more 
vigorous.  At some gas velocity, the solids become entrained and a net upward 
movements of the bed solids, occurs.   
Figure 1.1 illustrates a typical fluidized bed coating apparatus.  The operation of 
the bed starts with injecting a gas at the required flow rate through the gas plenum at the 
bottom of the bed.  This gas passes through the distributor plate before entering the 
bottom of the bed, which is filled with solid particles.  As mentioned earlier, the jet of gas 
causes the particles to move up until they reach the expanded section at the top of the bed 
(fountain region).  At this point the particles decelerate and fall back into the annular 
region.   
Once steady state is achieved, the coating solution together with atomizing air is 
injected through the spray nozzle, which creates a spray zone within the bed.  As the 
particles pass through the spray zone, they receive coating material.  The amount of 
coating material received by a single particle in a given time is a function of the amount 
of coating received per-pass and the number of passes through the spray nozzle (Mann 
and Cosby, 1973).   
Particle coating in fluidized bed equipment is common practice for improving the 
properties of material, particularly in the pharmaceutical, food and agricultural industries.   
 1 
 
 
 
 
Expanded region 
 
 
 
 
 
Fountain region Draft tube  
 
 
 
 
Spray region  
 Spray nozzle 
Distributor plate  
Plenum  
Air inlet 
 
Atomizing air Coating solution 
 
Figure 1.1: Schematic diagram of a semi-circular fluidized bed coating equipment, 
solid arrows indicate the direction of particle movement. 
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Many techniques have been developed by researchers to achieve high quality coating.  In 
the Pharmaceutical Industry, batch fluidized bed processing has been used for the past 30 
years (Britannica, 2001).  The technology was originally developed specifically for rapid 
drying.  Since then, fluidized bed processing has become routine for other applications, 
such as agglomeration, granulation, drying of solutions and suspensions on to inert bed 
particles, air-suspension coating, rotary pelletization and solution layering, and other 
mechanical functions such as solids blending, comminution, and aerosol collection from 
a gas stream (Britannica, 2001). 
In this study, the application of particle coating on pharmaceutical products 
utilizing the Wurster-column coating process is investigated.  This coating technique is 
extensively used in the Pharmaceutical Industry for precision drug coating and modified 
release coating of tablets and pellets.  In such applications, the reduction or minimization 
of the variation of coating level between individual particles is very important.  Based on 
the experimental data obtained for velocity and voidage in the draft tube region of a semi-
circular fluidized bed coater, a simulation model is developed to describe the particle 
coating behavior of Wurster fluidized bed coating equipment.  The experimental results 
are used to validate the results of simulations and key parameters affecting the 
distribution of coating mass on individual particle is investigated in this work. 
 
CHAPTER 2: LITERATURE REVIEW 
2.1 Background on Particle Coating In the Pharmaceutical Industry 
The particle coating process in the Pharmaceutical Industry has been practiced 
over many decades and is perhaps one of the oldest pharmaceutical processes still in 
existence (Porter, 1985).  The purpose of coating particles is not solely to mask 
unpleasant taste or smell, but developments in pharmaceutical technology have 
demonstrated several other purposes such as controlling the release of the drug from the 
tablet, facilitating handling and production, and improving tablet appearance and 
protecting the drug from its surrounding environment to improve its stability (Britannica, 
2001).   
It has been reported that the earliest attempt to coat tablets required the handling 
of a single tablet (Porter, 1985).  Such pills were mounted on tiny forceps before they 
were dipped in a coating solution several times until the desired coating was achieved. 
Surprisingly, this technique did not give uniform results.  Even in the 1950’s, several 
patents for applying tablet coating by dipping methods were introduced (Singiser et al, 
1966).  However, this technique was not being extensively used and publicized.  In 1856, 
the first sugar-coated pills were introduced by Warner, a Philadelphia pharmacist (Porter, 
1985).  Using the same technique as in the candy industry, pharmaceutical pan-coating 
processes were then developed.  Due to several problems encountered in sugar coating 
processes, such as poor mixing characteristics and poor drying efficiency, a film coating 
technique was developed to overcome these problems.  However, the disadvantage of the 
film coating technique was the use of a solvent system that always employed flammable 
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and toxic materials.  This then led to the development of fluidized bed coating equipment, 
which can be used for both solvent- and aqueous-based coating formulations. 
The first fluidized bed coating equipment was based on a Wurster (U.S. Patent, 
2,648,609) fluidized bed with a single spray gun located at the center and bottom of the 
bed (Figure 1.1).  The particles to be coated are fluidized by air entering the bed through 
the distributor plate at a given flow rate, which is sufficient to make the particles move up 
the central column.  At the point where the air velocity decreases, known as the fountain 
region, the particles drop back to the bottom of the bed through the packed bed annular 
region.  These particles will receive coating material every time they pass through the 
spouted region.  However, the amount of coating material received by each particle 
depends on several factors, which will be explained later. 
 
2.2 Particle behavior in Fluidized Bed Coating Equipment 
The Wurster fluidized bed coater consists of a concentric cylindrical partition 
known as a draft tube, inserted in a cylindrical column at a certain height (gap) from the 
bottom of the bed (Figure 2.1).  Subramanian (2001) found that the variation in gap 
height has a significant effect on the particle velocity and the voidage of the bed.  The 
bottom of the bed is supported by a distributor plate, which allows gas to pass through it.  
The air velocity passing through the draft tube, which is known as the spouted region, is 
known to be higher than the air velocity passing through annulus region (Shelukar et al, 
2000).  The particles that move with the air in the spouted region will receive coating 
from a spray nozzle located at the center, and bottom of the bed.  In the presence of the 
moving air, the coated particles will dry as they move up to the fountain region.  As the 
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air moves out of the draft tube, its velocity is reduced which in turn causes the particles to 
fall back into the bed through the annulus region.  By means of a pneumatic effect caused 
by the moving air, the particles in the annular region will be dragged into the spouted 
region again.  This process continues repeatedly until the desired amount of coating 
material is deposited on the particles.  Due to the excellent heat and mass transfer 
occurring in fluidized beds, uniform layers of coating are formed in relatively short 
processing times (Kucharski and Kmiec, 1983).   
 
 
 
 
 
 
 
 
 
Gap 
height 
 
 
 
 
Air 
Deflector 
Acceleration 
region 
Draft  
tube 
Figure 2.1: Wurster fluidized bed coater illustrates the gap height and deflector   
(Subramanian, 2001).  
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In order to explain the particle coating behavior in a fluidized bed, it is important 
to understand the hydrodynamics of the particle movement through the bed.  To do this, 
different techniques and equipment have been utilized.  These include photography and 
video imaging techniques (Subramanian, 2001), high-speed photography (Toomey and 
Johnson, 1953), cinematic motion pictures (Massilla and Westwater, 1959), radioactive 
tracking techniques (Van Velzen et al, 1974), magnetic tracers (Cheng and Turton, 1994, 
and Mann et al, 1973), data processing technique for noisy signal (Xu, 1997), and fiber 
optic equipment (He, 1994a and He 1994b). 
Mann and Crosby (1973) studied the effect of the number of cycles distribution in 
fluidized bed coating equipment using a magnetic tracer technique.  They found that as 
the operating time becomes large, the number of cycles distribution (NCD) becomes 
normally distributed with the mean and variance only functions of the mean and variance 
of the cycle time distribution (CTD).   
Van Velzen et al. (1974) found that the average particle velocity in a fluidized bed 
is a function of gas flow rate, gas inlet geometry, axial elevation, bed height, and column 
diameter.  Their results also showed that the solid circulation rate is proportional to the 
gas flow rate, and a function of column and gas inlet geometry, density of the fluidizing 
gas, and particle diameter.   
In 1969, Lefroy and Davidson found that a half cylinder spouted bed behaves 
similarly to a cylindrical bed with the same operating parameters and equipment 
dimensions.  Their study also gave an approximate picture of the behavior of a spouted 
bed at maximum spouted bed depth.   
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He et al (1994a) considered three regions (spouted, fountain and annulus -similar 
to Figure 1.1) of the spouted bed to study the voidage and velocity profiles in both semi-
circular and circular spouted beds.  They observed that the velocity profile in both types 
of beds were similar, even though the local velocity in the semi-circular bed was thirty 
percent lower than in the circular bed.  In both cases, the voidage in the fountain region 
varied widely and in the annulus region, the voidage was slightly lower than in a loosely 
packed bed.  The fact that the velocities and voidage profiles of a half cylindrical and a 
cylindrical fluidized bed behaved similarly was also supported by Saadevandi (1996) in 
his experiments. 
Cheng (1993) found that moving the position of the spray nozzle up into the draft 
tube region improves the coating uniformity.  This is because the spray zone is not in the 
particle acceleration region (Figure 2.1), which is defined as the area where particles are 
dragged from the annulus region to the spouted region.  She also studied the effect of the 
gap height and air velocity on the particle circulation rate.  The results showed the 
spacing between the distributor plate and draft tube and the draft tube diameter were the 
major factors controlling the circulation rate.  Xu (1994) also conducted similar studies 
and concluded that the vertical gap between the distributor plate and the draft tube gave a 
more significant effect on circulation rate than did the two gas feed rates into inner and 
outer regions of the draft tube.  Shelukar (2000) explained that the gap height has a 
significant effect on the average circulation time and the circulation time distribution.  
The average circulation time and the circulation time distribution decrease with 
increasing gap height because higher gap heights reduce the formation of dead/slow 
zones in the annulus.  
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Subramanian (2000) concluded that at the higher gap height, particles entered the 
draft tube without excessive restriction resulting in a denser bed as well the tendency for 
the particles to accelerate to a higher axial height.  He also found that the velocity profile 
for higher gap heights is more symmetrical.  In addition, he studied the effect of different 
deflectors located at the base on the draft tube, in the particle acceleration region, around 
the spray nozzle.  He found that the existence of a deflector (shown in Figure 2.1) 
improves the particle distribution in the spray zone, resulting in better coating uniformity.  
The particle velocities at the wall also were much lower than those at the center, which is 
due to the particle-particle collision near the walls and particle-wall collisions. 
 
2.3 Study of Particle Coating in Fluidized Bed Equipment 
There are basically four modes of particle coating in fluidized bed equipment: 
1) Top spray using conventional spray fluid-bed granulator 
2) Bottom spray using a Wurster column 
3) Tangential spray using a rotor granulator 
4) Tumbler fluidized bed 
 
The most common coating technique used in the Pharmaceutical Industry is 
Wurster column coating.  The particle coating uniformity in Wurster column coating is 
determined by two factors, namely the coating-per-pass distribution and the circulation 
time distribution (Mann and Crosby, 1973, and Mann et al 1974). 
In 1983, Weiss and Meisen studied the quality of coated urea as a function of bed 
temperature (48-86 °C), sulfur (coating material) flow rate (34-260 g/min), atomizing air 
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flow rate (0.402-0.785 m3/hr), and bed depth (0.28-0.47 m).  From these parameters, bed 
temperature was found to have a great effect on the product quality, which was defined 
by the standard 7-day dissolution technique, developed by TVA (Tennessee Valley 
Authority).  The product quality was also found to be proportional to sulfur flow rate and 
inversely proportional to the atomizing air flow rate.   
Iley (1991) focused on how to establish the influence of particle size and porosity 
on the encapsulation of inorganic particles, coated with polymer latex in a fluidized bed 
with a draft tube.  His experimental results showed that, smaller particles receive more 
coating material.  This is because of the high specific surface area of smaller particles, the 
coating layer being thinner compared to larger particles.  He also found that porous 
particles gave poor coating quality due to the coating material being sucked into the pores 
as a result of capillary action.  He recommended that for better particle film coating, the 
core particle should be spherical, of high density and low porosity. 
In 2000, Sudsakorn and Turton evaluated the effect of particle size on the 
uniformity of coating received during a batch fluidized bed coating process.  However, 
their findings were in contrast to what was concluded by Iley, i.e. the amount of coating 
material (blue dye) deposited on a given size of particles was proportional to the particle 
diameter to the power of 3.4.  Furthermore, the particle size was also found to have a 
significant effect on the variance of blue dye content but the dependence was slightly 
lower, which was to the power in the range of 2.8 - 3.1.  The possible reasons for these 
phenomena are either that large particles circulate more often or that large particles 
receive more coating when they pass through the spray zone. 
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Saadevandi (1996) investigated the effect of liquid spraying on particle velocities 
and voidage profiles.  By visual observation through the flat transparent front face of the 
half cylindrical fluidized bed, he found that at the specific conditions of atomization, 
there were no significant effects from the liquid droplets on fluidized particles as 
compared to the conditions of within spray.  Figure 2.2 and 2.3 show the voidage of the 
bed at different radial positions from the spray nozzle for the cases of a fluidizing bed 
with and without spray, measured at high and low gap height respectively.  This 
phenomenon was found to be similar for the velocity profile.  
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Figure 2.2: Comparison of the radial voidage profiles with Spray (S) and Without 
Spray (WS) in the draft tube at different axial locations, z (Gap Height, Hg = 10 mm) 
(Saadevandi, 1996). 
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Figure 2.3: Comparison of the radial voidage profiles with Spray (S) and Without 
Spray (WS) in the draft tube at different axial locations, z (Gap Height, Hg = 5 mm) 
(Saadevandi, 1996). 
 
 
 
 
Oliveira (1997) studied the effect of spouting gas flow rate, temperature, and 
coating suspension feed flow rate on the process of coating spherical porous alumina with 
a suspension of sucrose and talc in water.  He found that the particle mass increases with 
the coating time and the final product is uniform in shape and has a log-normal particle 
mass distribution.  The rate of increase in the particle mass varied significantly with the 
flow rate of the spouting gas and with the feed mass flow rate of the coating suspension. 
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Saleh et al (1999) investigated the influence of fluidization gas velocity, 
atomizing air and liquid flow rates, liquid concentration, initial bed mass, and particle 
size on the mechanism of growth of sand particles in a batch fluidized bed coater.  An 
aqueous solution of NaCl was used as the coating material and sprayed into the bed using 
a pneumatic atomizer.  Even though this study was not involved with a pharmaceutical 
product, the result is significant as it showed that, for a given particle size, the fluidizing 
air velocity was the most important factor affecting the coating kinetics and stability.  
The deposition quality of coating material was found to be affected by the spray droplet 
size.  A decrease in droplet size results in an increase in the atomizing air flow rate 
permitted for homogenous coating of the solid surface. 
Shelukar et al (2000) studied the particle coating uniformity in a Wurster coating 
process by measuring the coating-per-particle-per-pass distribution with a magnetic-
tracer and measuring coating-per-pass using a dye tracing technique.  Their results 
showed that the coating-per-pass distribution contributes significantly, more than 75%, to 
the total-coating uniformity.  They also found that the coating-per-pass increased with an 
increase in partition gap (gap height) as well as with an increase in air flow rate.  They 
concluded that the wide coating-per-pass distribution, which was confirmed by high-
speed video-imaging, was due to variation in the proximity of the tablets to the nozzle 
while passing through the spray zone, non-uniform tablet flow patterns into the spray 
region, and tablet-to-tablet sheltering. 
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2.4 Prediction and Model of Particle Coating Processes 
By understanding the particle behavior in fluidized bed equipment, a computer 
model may be developed to predict the amount of coating received by a particle-per-pass 
through the spray zone.  Choi and Meisen (1995) developed two mathematical models, 
describing the operation of shallow spouted beds in which droplets of sulfur (the coating 
material) are injected co-axially with the spouting air under three different conditions; 
steady state, transient and continuous.  Their models also predict the distribution of the 
coating material on the bed particles as well as the product quality (determined by 7-day 
dissolution).  
In the first model, particles were assumed to be perfectly mixed and of equal size 
and all of the spray droplets were assumed to be uniformly distributed throughout the 
bed.  In the second model, they assumed that the fluidized bed has three different regions 
namely the spout, annulus, and fountain.  The key assumptions in this model are that: the 
particles in the spout and annulus are in plug flow; the particles in the fountain are 
perfectly mixed; particle segregation due to the changing size and density are negligible 
and the changes in sulfur (coating material) properties due to solidification and allotropic 
transformations are insignificant.  From these two models, Choi and Meisen concluded 
that the product quality was primarily dependent on the average sulfur content.  
Furthermore, the product quality can be increased, by operating several fluidized bed 
coaters in series. 
Maronga and Wnukowski (1997) used the random surface renewal concept to 
develop population balance equations for the coated particles.  The model was then used 
to estimate the effect of stagnant regions, size of bed, and unequal rate of transfer 
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between domains on the coating distribution.  They concluded that the existence of 
stagnant regions within the bed widen the coating distribution.  A narrow coating 
distribution can be achieved by increasing the rate of transfer to the active spray domain 
(spray zone), relative to the rate of transfer to the non-active domain (non-spray zone).  
They also observed that the bigger the bed dimension, the wider the coating distribution.  
This was explained by the fact that a bigger bed dimension contributed to a larger non-
active domain.  A vigorous mixing of the bed, which promoted the increase in rate of 
transfer both in active and non-active domains were found to cause a narrow coating 
distribution.  They concluded that the combination of bed size, rate of spraying, and rates 
of transfer between active and non-active domains was useful to obtain a required coating 
distribution of particles. 
 Abe et al (1998) studied how the amount of coating material received by each 
individual seed particle varies with operating condition in a tumbler-fluidized bed.  Even 
though the process of a tumbling fluidized bed is slightly different from the Wurster 
fluidized bed, the principle mechanisms for the amount of coating material deposited on 
to the particles should be similar.  In a tumbling fluidized bed, a rotary disk located at the 
bottom of the bed rotates at a certain speed to provide a centrifugal force that drives the 
particles to the outer region of the disk.  In the vicinity close to the column wall, the 
particles were lifted by the fluidizing air, which came out through a net mesh (Figure 
2.4).  As the velocity decreased, the particles descended onto the center of the rotary disk.  
The repeated sequence of this process provides a perfect mixing region around the outer 
region of the disk, where a spray nozzle was located.  By changing the operating 
condition in the bed, they found that the coefficient of variation of the coating mass 
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distribution, cv, decreased with increasing coating time and seed particle size as well as 
decreasing holdup.  It was suggested that, under these operating conditions, a high mixing 
rate of particles was achieved.  They also found that the effect of the rotational speed of 
the disk, on the cv is not significant.   
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Figure 2.4: Details of the tumbling fluidized bed coating chamber (Abe, 1998).  
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Nakamura et al (1998) predicted the effect of the above operating conditions by 
using Monte Carlo simulations.  By estimating the average diameter of the spray droplets 
using Nukiyama Tanazawa’s (Nukiyama, 1929) equation, and assuming that a particle is 
coated by a spray droplet, they determined the number of cycles in one second by the 
following equation: 
tr = (np/ns)(Ns/Np)     (2.1) 
where tr is the number of cycle per second, np is the number of spray droplets per second 
in the actual tumbling fluidized bed, ns is the average number of coated particles in one 
cycle in the simulation, Np is the total number of core particles in the practical tumbling 
fluidized bed, and Ns is the total number of core particles in the simulation.  Even though 
the values of simulation results were not directly compared with the values of 
experimental results, the results from the simulations showed the same phenomena and 
trends as observed by Abe et al (1998) in their experiments.   
Terashita et al (2000) developed a numerical simulation using the discrete 
element method, to simulate a small particle coater.  This coater is an improved version 
of a Wurster coating equipment.  This improvement included conically expanding the 
lower part of the draft tube and supplying a side air jetting mechanism.  As a result, 
particle stagnation zones outside the draft tube in the coater were reduced compared to 
the Wurster coater.  The results that they obtained confirmed that the small-particle coater 
designed on the basis of simulation results was useful for small-particle coating 
operations. 
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Cheng and Turton (2000) developed a model explaining the particle-particle 
variation in the coating mass distribution in terms of the hindering or sheltering effect 
that particles close to the source of the spray have, on particles farther away.  The 
assumptions made by Cheng and Turton (2000) in their model are: 
• The spray zone is a hollow cone (Figure 2.5). 
• Particles enter the draft tube in the region of r0 to R (see Figure 2.5). 
• All the coating drops that are not deposited onto particles by direct impingement 
are assumed to be lost from the system. 
• The flow field of the spray follows straight radially directed steam tubes. 
• Particles are distributed uniformly throughout the spray zone with uniform 
voidage and move vertically upward with a constant velocity. 
First, a simple model was developed considering particles passing the spray zone 
would either receive a certain amount of spray material or no coating at all.  From this 
assumption, they found that only a few percent of particles received coating in any given 
pass through the spray zone.  Then, a more complicated model was developed to explain 
the coating variation by taking into account the effect of particle hindering in the spray 
zone.  Even though the model was not able to predict the variation under different 
operating conditions, the result was strong enough to suggest that the sheltering of 
particles in the spray zone by other particles was the main contribution for the particle-to-
particle coating variation within fluidized bed. 
Due to the fact that it is important to have uniform coating in the Pharmaceutical 
Industry, a lot of work has been done to study the particle behavior in the vicinity of the 
fluidized bed especially in the spray region.  The result of the literature survey shows that 
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there are significant number of parameters that play an important role in determining the 
uniformity of fluidized bed coating.  Based on this understanding, a particle coating 
model was developed in this study by using the experimental data of particle velocity and 
voidage as the input data, to simulate the amount of spray material impinged onto the 
particle when passing through the spray zone.  The coating variations from the simulation 
results are then compared with those from the experiments. 
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Figure 2.5: Schematic diagram of a Cheng’s spray model (Cheng, 1993). 
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CHAPTER 3: EXPERIMENTAL PROCEDURES 
3.1 Pulse Test Experiments 
A particle coating process in a fluidized bed is one of the most efficient 
techniques used to coat pharmaceutical tablets.  Some tablets are formulated to release  
drug (or the active ingredient)  over a long period of time and these sustained release 
products, require a uniform coating.  The objective of the experiments in this study is to 
analyze the amount of spray material received by a particle when it passes once through 
the spray zone.  These experiments were performed at two fluidized bed conditions; 
namely with and without a particle deflector.  In order to capture the amount of coating 
material received by the particles, when passing through the spray zone, a pulse of dye 
was injected into the coating solution for a period of time equal to the duration taken by 
the particles to make one circulation in the fluidized bed.  This time is referred to as the 
particle circulation time.  This experimental process is referred to as a pulse test 
experiment. 
 
3.1.1 Experimental Apparatus 
The equipment used in this experiment was the same fluidized bed used by 
Subramanian for measuring velocity and voidage, which was a semi-circular Wurster 
fluidized bed coater (Figure 1.1).  The dimension of the draft tube region and inner bed 
are given in Figure 3.1.   
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Figure 3.1: Schematic diagram of the draft tube region of the semi-circular column of 
fluidized bed illustrated in Figure 1.1. 
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The pulse test experiment was performed at two different conditions; one without 
a particle deflector and one with a modified deflector.  In the Modified Deflector run, a 
deflector was fitted on the distributor plate and around the spray nozzle, as shown in 
Figure 3.2.   
A coating solution was pumped into a semi-circular 2-fluid nozzle using a Master 
Flex micro-processor peristaltic pump (manufactured by Cole Parmer Instrument 
Company, Chicago, IL).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Draft tube 
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Spray 
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Figure 3.2: Schematic diagram shows a fluidized bed with no particle deflector and 
with the modified deflector. 
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 The particles used in this experiment were the same type of pharmaceutical tablets 
used by Subramanian, with physical properties listed in Table 3.1. 
 
Table 3.1: Physical properties of tablets used in the experiment. 
Physical property Value 
Diameter (mm) 8.05 
Thickness (mm) 4.2 
Average volume (cm3) 0.170 
Average weight (g) 0.205 
Average density (kg/m3) 1.215  
 
 
The tablets were provided by Merck & Company (West Pont, PA), made of 
Avicel® PH101 compressed with Magnesium sterate, and pan coated with an aqueous 
solution of Hydroxy Propyl Methyl Cellulose (HPMC) and Hydroxy Propyl Cellulose.   
 
3.1.2 Coating Solution 
There were two coating solutions used in this experiment namely a pre-pulse 
solution and a blue dye solution.  The pre-pulse solution was used to coat the tablets 
before the pulse of blue dye solution was injected.  This was done to simulate similar 
tablet surface conditions as in the actual coating operation.  The formulations for these 
solutions are given in Table 3.2. 
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Table 3.2: Formulations for the solutions used in the pulse test experiment. 
Pre-pulse solution 
15 mL water 
135 mL Aquacoat® (Ethyl cellulose aqueous dispersion with 30% solids) 
 
Blue dye solution 
50 mL water 
45 mL Aquacoat® (Ethyl cellulose aqueous dispersion with 30% solids) 
5 g blue dye (FD&C blue dye #1) 
Each solution was stirred with a magnetic stirrer until they were used. 
 
3.1.3 Experimental Procedures  
For both No-Deflector and Modified-Deflector experimental runs, the operating 
conditions are similar to Subramanian’s experiment Run 5 and Run 6 respectively.  Refer 
to Appendix VII for Subramanian’s experimental matrix. 
3.6 kilograms of pharmaceutical tablets were fluidized with an air flow rate of 
0.0707 m3/s and 0.0684 m3/s for No-Deflector and Modified-Deflector cases, 
respectively.  After a few minutes, when the air reached the required temperature of 
115ºF, the pre-pulse solution was pumped into the spray nozzle at a flow rate of 10 
ml/min with 35 psi atomizing air.  In order to simulate an actual coating run, and to 
ensure the spray nozzle was running under steady state conditions, the bed was allowed 
to run for 5 minutes before the pulse of blue solution (for No-Deflector case) or red 
solution (for Modified-Deflector case) was injected via the spray nozzle.  Once the dye 
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was seen coming out from the spray nozzle, a stopwatch was started.  After 9 seconds 
(refer to Appendix IV for particle circulation time calculation), the peristaltic pump and 
atomizing air were switched off simultaneously and the bed continued to run without the 
coating solution for another 5 minutes in order to dry the coated particles.  Finally, 100 
particles from each run were randomly sampled and used in the coating analysis. 
 
3.2 Tablet Coating Analysis 
In both cases, No-Deflector and Modified-Deflector, each tablet was soaked in 2 
ml of distilled water in a test tube for 10 minutes.  After the tablet was completely 
dissolved, the mixture was filtered with filter paper (Fisher Q5, Porosity: Medium).  In 
order speed up the filtration process, vacuum filtration was used.  Another 1 ml of 
distilled water was used to wash the remaining dye in the test tube and on the filter paper.  
Then, the clear colored liquid was analyzed for dye (blue or red) content using a Lambda 
2 UV/VIS Spectrophotometer (Perkin-Elmer corp., Norwalk, CT) equipped with data 
acquisition software package PECSS version 4.0 (refer to Appendix V for the blue and 
red dye wavelength characterization, spectrophotometer calibration and detail calculation 
of dye content). 
The results of the analysis were plotted in a histogram and were compared with 
the simulation results. 
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CHAPTER 4: MODEL DEVELOPMENT AND    
CALCULATION METHOD 
A Monte Carlo simulation model of the particle movement and coating efficiency 
occuring in a semicircular fluidized bed column is developed in this chapter.  For 
versatility purposes, the model is developed in such a way that it can predict the 
coefficient of variation (cv) of the coating-per-particle-per-pass distribution for various 
fluidized bed operating conditions.  The basis of the model is the data of Subramanian, 
2001.  These data show, for various bed conditions and operating parameters, that the 
particle velocity and voidage profiles in the draft tube region of a fluidized bed are 
different.  Therefore, the raw data of velocity and voidage of the particles at each 
operating condition are used as input data for the model.  In addition, the predictions of 
the model developed in this work are compared with experimental pulse test data 
obtained at conditions similar to those used by Subramanian and described in Chapter 3. 
 In Subramanian’s (2001) experiments, the front face of the semi-circular 
fluidized bed was divided into 70 equal sections as shown in Figures 4.1 and 4.2.  In 
every section, a series of experimental values of local velocity in the x-direction (ux), 
local velocity in the y-direction (uy) and the local voidage (ε) were obtained.  The 
standard deviations and the average values of the velocity data in each section were 
calculated and used in the model.  The average voidage values for each section were also 
used.  It should be noted that each section is assumed to extend from the front face of the 
semicircular bed through 90o.  Thus each section represents one quadrant of the bed, as 
shown in Figure 4.3. 
 26 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Velocity         Voidage 
RAW DATA 
yuyy
uu σ,,
xuxx
uu σ,,
εε ,
Dimension: 2 x 2 cm 
 
 
 
 
 
 
Figure 4.1: A photograph of the front view of semi-circular fluidized bed spouted 
region (Subramanian, 2001). 
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Figure 4.2: A schematic diagram of front view of semi-circular fluidized bed spouted 
region.   
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Figure 4.3: A schematic diagram of the top view of semicircular fluidized bed 
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4.1 Starting Location for Tablet Movement 
The movement of a particle in the draft tube region of a fluidized bed coater starts 
at the bottom of the bed as it moves horizontally through the gap between the distributor 
and the bottom of the draft tube.  It is then entrained into the spouted region during which 
the spray material is deposited onto the particle.  After traveling upward through the draft 
tube, the particle decelerates in the fountain region at the top of the bed and then falls into 
the annular region before reaching the bottom of the bed again.  At steady state this 
particle circulation continues and the average particle circulation time becomes constant. 
 Assuming that the particle motion in a fluidized bed is at steady state, the starting 
point of the particle in the model is randomly determined using a probability function 
based on the distribution of mass flow into the bottom of the fluidized bed.  The 
probability of the particle entering a given section is a function of volumetric flow rate at 
the bottom of the bed, which in turn is a function of voidage and velocity. 
The volumetric flow rate of solids, through an annular section i, Qs(i), (at the 
bottom) of a semi-circular fluidized bed is given by: 
rdruQ iiy
R
R
is
io
ii
)1(
2
1
)()()( επ −= ∫      ( 4. 1) 
where    
uy(i)   = local velocity of the particle in upward direction   
  (y-direction) in section i (from Subramanian, 2001).   
   ε(i)    = voidage in section i (from Subramanian, 2001).  
   Rii  =  inner radius in section i  (refer to Figure 4.3(b)) 
   Rio  = outer radius in section i (refer to Figure 4.3(b))  
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The simulation region was defined as the inner area of the draft tube starting from 
the bottom of the bed up to the expanded region.  However, the bottom of the bed of the 
simulation region was assumed to start from the layer of sections where the tip of the 
spray nozzle is located.  The reason for this was to avoid the idle region occupied by the 
spray nozzle.  Therefore, the active area of simulation would start from section 6 through 
section 70, see Figure 4.2. 
Therefore, the volumetric flow rate, Qs in each section at the bottom of the 
simulation region, which are sections 6 – 10, are given by: 
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 The fractional volumetric flow rate for each section at the bottom of the bed 
(sections 6 to 10) was plotted as a cumulative probability function as shown in Figure 
4.4, and details are given in Appendix I.  To determine the starting point of the particle, 
the computer generates a uniform random number between 0 to1.  For example, if a 
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random number of 0.6 is generated, then the starting point is set to a position 1.4 cm from 
the spray nozzle, as shown in Figure 4.4. 
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4.2 Particle Movement 
Once the starting point (section) has been assigned to the particle, a Monte Carlo 
simulation is performed to model the particle motion.  Based on the assumption of 
random walk behavior of the particle, the particle may move in both the x-direction, with 
velocity vx(i), and the y-direction with velocity vy(i).  For a particular section (section i), the 
velocity in the x-direction of particle n in section i is given by: 
( )( ) )()(1)( )( ixiuinx uRNv ix += σ      (4.8)  
where 
  = standard deviation of x-component of velocity in section 
i (from  Subramanian, 2001) 
)i(xu
σ
   )i(xu  =  average velocity in x-direction in section i (from 
 Subramanian, 2001)     
   RN1(i) =  random number from unit normal distribution N(0,1), 
 given by Equation (4.12).   
 
Similarly, the velocity in the y-direction of particle n in section i is given by: 
( )( ) )()(1)( )( iyiuiny uRNv iy += σ         (4.9)  
where 
  = standard deviation of y-component of velocity in section 
i (from  Subramanian, 2001)  
)i(yu
σ
   )i(yu  =  average velocity in y-direction in section i (from  
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 Subramanian, 2001) 
RN2(i) =  random number from unit normal distribution N(0,1), 
    refer to Equation (4.12). 
 
From these velocity data, the distance traveled by particle n in both x- and y-
directions are determined by: 
   ∆       (4.10)  ( ) tvx ixn n ∆= )(
)(ix
nv   = velocity in the x-direction of particle n in section i 
   ∆t   = duration between successive particle simulations.  
and 
( ) tvy iyn n ∆=∆ )(       ( 4.11) 
)(iy
nv  = distance traveled in the y-direction by particle n in 
section i 
   ∆t  = duration between successive particle simulations. 
 
In choosing the value of ∆t, it is important to avoid large values as these give rise 
to large distance steps and the simulated particle movement would be uncharacteristic of 
the true motion.  On the other hand, very small values of ∆t would take long simulation 
times.  Referring to Subramanian’s experimental data (2001), the images of particle 
movement were collected at 0.002 seconds time intervals in sections of dimension 2 by 2 
cm.  Taking an average velocity of 1 m/s, we can say that a reasonable value of ∆t is 
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between 0.01 to 0.002 seconds, therefore, the number of particle steps in any section is 
between 2 and 10.    
The movement of a particle is simulated by the repeated application of Equations 
(4.7) and (4.8).  Two random numbers are generated for each particle move.  These 
random numbers are then used to generate samples from the unit normal distribution 
according to the following equation: 
2/1
11111 )/)log(2( rrXRN −=   (for r1 ≤ 1)        (4.12)  
where    
11X    = (  )( ) 1211 −RND
21X    = (  )( ) 1221 −RND
1r    = X  
2
21
2
11 X+
2111  and RNDRND  = computer generated random number  
of the uniform distribution from 0 to 
1, shown in Figure 4.5 (b). 
and 
2/1
22122 )/)log(2( rrXRN −=  (for r2 ≤ 1)   (4.13) 
where    
12X    = (  )( ) 1212 −RND
22X    = (  )( ) 1222 −RND
2r    = X  
2
22
2
12 X+
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2212   and  RNDRND  = computer generated random number  
from the uniform distribution from 0 
to 1, shown in Figure 4.5(b). 
These two values (RN1 and RN2) are used in Equations (4.7) and (4.8) as the 
random number multipliers.  Figure 4.5(a) and (b) show the difference between the unit 
normal distribution random numbers (calculated from Equation (4.12)) RN, and the 
uniform random number (computer generated) RND.  Figure 4.6 shows the distribution of 
10,000 random numbers calculated from Equation (4.12) with mean close to zero and 
standard deviation close to 1.  The linear relationship between the z values of RN and the 
z values of uniform distribution is shown in Figure 4.7.  These verify that RNs are 
random numbers from the unit normal distribution. 
 
 
 
 
 
 
 
 
 
P(x) 
x 0 0 
P(x) 
1x 
             (a)      (b) 
 
Figure 4.5: (a) RN, random numbers of unit normal distribution calculated from 
Equation (4.12).  (b) RND, uniform distribution of computer generated random numbers.  
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Figure 4.6: Graph shows the cumulative distribution of 10,000 data points generated 
from random numbers, RN (using Equation 4.12). 
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Figure 4.7: A comparison between the unit normal variable (z-value) generated from 
Equation (4.12) and the true unit normal distribution, N(0,1).  
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4.3 Particle Collisions 
Two basic collisions occur in the fluidized bed, namely particle-particle collisions 
and particle-wall collisions.  During the movement in the fluidized bed, particles collide 
with other particles that are close to them (refer to Figure 3.8).  These collisions cause 
momentum transfer from one particle to another, that result in changes in the particle 
velocity vector.  In Subramanian’s experiments, the velocity of a particle was determined 
by analyzing two successive images of the particle taken at a specific time interval.  The 
position of the particle taken in the second image, may be the result of particle movement 
due to a collision with other particles.  Therefore, it is assumed that particle-particle 
collisions were taken into account correctly in the experimentally determined velocity (in 
both x and y directions) data. 
 
 
 
 
 
Figure 4.8: Image of tablets in fluidized bed - spouted region, (Subramanian, 2000), 
arrows show possible directions of particle movement. 
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For the case when a particle moves towards and hits the wall of the column, a 
perfectly elastic collision is assumed.  The new location of the particle is calculated based 
on the mirror image of the particle assuming that the wall is not there, as shown in Figure 
4.9. 
 
 
Position of particle 
assuming elastic 
collision with the  
wall 
Position of particle  
before hitting the  
wall 
Position of particle if  
wall did not exist 
θ 
θ θ 
∆x ∆x 
 
 
 
 
 
 
 
 
 
 
 
 
Wall 
 
Figure 4.9: Illustration of an elastic collision with the wall. 
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4.4 Modeling the Spray and Coating of Particles 
To simulate spray material deposited onto the particles, a spray zone was defined 
in the model.  The model performs a test to check whether the particle is in the spray 
zone.  If the particle is not in the spray zone, the model only calculates the particle’s next 
move.  If the particle is in the spray zone, the model calculates both the amount of spray 
material that hits the particle at that position and the particle’s next move.    The method 
of calculating the amount of material that a given particle receives when it is in the spray 
zone is explained in the following sections. 
 
4.4.1 Particle Shape 
In order to determine the amount of particle surface area that can receive coating 
material, and that is not blocked by other particles, the shape of the particle needs to be 
specified.  The particles used in Subramanian’s work were pharmaceutical tablets, as 
shown in Figure 4.10.  It was observed that as the particles moved and collided with each 
other they also rotated.  Therefore, from Figure 4.11, the particle surface area facing the 
spray nozzle can be as big as the area of surface A or as small as the area of surface B.   
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Figure 4.10: The shape of pharmaceutical tablet used in the experiment (Subramanian, 
2000). 
 
 
 
 
 
 
 
 
 
 
  
Dtab = 8.5 mm 
Surface A 
 ft = 2.22 mm 
R
H = 1.11 mm 
Dtab 
Dtab 
J = 8.79 mm 
Surface B 
 
 
 
 
Figure 4.11: Figure illustrates the minimum (A) and maximum (B) surface areas that 
tablets expose to the spray. 
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Essentially, the area of the tablet exposed to the spray may vary anywhere from A to B, 
Figure 4.11.  In order to simplify the analysis, the particle shape used in the model is 
assumed to be a spherical particle with the same surface area as the tablet.   
sptab AA =  
where Atab and Asp are the surface area of the tablet and the sphere respectively.   
The surface area of the tablet is equal to the sum of the surface area of two spherical caps 
and the area of a cylinder, which is given by: 
( ) ttabtab fDJH22A += π      (4. 14) 
Therefore, the diameter of the sphere, Dsp is given by: 
   πDsp2 =     (4. 15) ( ) ttab fD2JH2 ππ +
   Dsp = ( ) 2/1ttabttab fDJH2fDJH4 +=+   (4. 16) 
 
In the simulation, the particle surface area receiving coating material, with no 
other particles blocking the spray, is equal to the projected surface area of the sphere of 
diameter Dsp.   
 
4.4.2 Spray Shape and Evaluation of Coating Coverage 
In order to determine the available fraction of spray that impinges on the surface 
of a particle at any instant, the amount of spray captured by particles in the path of the 
spray must be determined.  To do this, the spray shape, as well as the spray density or 
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spray distribution must be defined.  In this work, two types of models with different spray 
shapes and flow directions of spray material were developed and studied.      
 
Solid Cone Spray Model  
 In the initial work, the shape of the spray zone was assumed to be a solid cone and 
the spray density was assumed to be radially uniform with respect to the spray nozzle, as 
shown in Figure 4.12.   
 
 
 
 
 Uniform spray density Spray zone 
 
 
 
 
 
 
 
 
Figure 4.12: A schematic diagram illustrates a solid cone spray zone. 
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 The fraction of spray that hits a particle at any given position was calculated by 
dividing the projected spray area of the particle into m elements of equal length l, as 
shown in Figure 4.13.  The length l is fixed for all particle positions.  Therefore, the 
number of elements m, is determined by the distance of the particle from the spray 
nozzle.   
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Figure 4.13: A schematic diagram illustrates the discretization of a particle’s projected 
surface area assuming a solid cone spray shape. 
 
 44 
Suppose V(k) and ε(k) are the volume and voidage for element k, respectively, 
where k is between 1 and m.  The volume of all particles in element k, Vp(k) is given by: 
)1( )()()( kkkp VV ε−=       (4.17) 
 
 The voidage ε(k) in element k is equal to the voidage of the section in which the 
central point of the volume of element k is located, see Figure 4.14. 
 
 
Cross sectional area = A(k+1) 
 
 
 
         2) 
         
Cross sectional area = A(k) 
l 
l 
2 
Volume of element k, Vk 
 
l
AA
V )k()lk(k( 



 +
= +  * Voidage of element, ε(k) 
depends on the voidage 
value at this point. 
 
Figure 4.14: Illustration of the geometry of element k. 
 
The number of particles in element k, Np(k), is calculated from the volume of 
particles in element k, V(k),  divided by the volume of a single particle: 
3
)(
)(
6 sp
kp
kp
D
V
N
π
=       (4.18) 
which is also equal to: 
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=       (4.19) 
The projected surface area of particles in element k is: 
2
3
)()(
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6
)1(
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kk
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
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−
=     (4.20) 
which can be simplified to: 
sp
kk
kp D
V
A
)1(
2
3 )()(
)(
ε−
=      (4.21) 
The fraction of spray, f(k), entering the surface of the element at k and leaving at 
k+1 is given by:   







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 −
−=
)(
)()(
)(
)1(
2
3
1
k
sp
kk
k A
D
V
f
ε
     (4.22) 
where Ā(k) is the average cross sectional area through which the spray passed into element 
k which is calculated by (refer to Figure 4.14): 
2
)1()(
)(
++= kkk
AA
A       (4.23) 
The fraction of spray, f(k) is: 
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Finally, the total fraction of spray, Fm, hitting the particle at location m is given 
by: 
.... )()3()2()1( mm ffffF =      (4.25) 
 By assuming the spray shape to be spherically symmetric, the amount of spray 
material deposited onto a particle at location m is calculated as: 
t
A
A
mFS
cap
sp
smm ∆=       (4.26) 
where ms is the mass flow rate of the spray material, Asp is the particle surface area and 
Acap is the area of the spherical shell of the spray material passing through the tablet.  The 
area of this semi-circular spherical cap Acap, is equal to (refer to Figure 4.15): 
          (4.27) JH2Acap π=
where J and H are the radius and the height of the spherical cap, respectively.  
 
 
 J 
H 
Acap = 2πJH 
Spray Zone 
Area of Spherical 
Cap, Acap 
Particle 
 
 
 
 
 
Draft Tube  
 
Figure 4.15: A schematic diagram of a spherical cap in the spray zone  
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However, if the particle is very close to the spray nozzle, the area of the particle, 
Asp may be bigger that the area of the spherical cap of the spray material Acap.  For this 
case, Asp is set equal to Acap.  For this condition, all of the spray material is deposited on 
the particle, refer to Figure 4.16.              
                       
 
 
particle 
Spray zone 
 
 
 
 
 
A fraction = Asp/Acap of 
spray material may hit the 
particle 
All of spray material may 
hit the particle 
 
 
 
Figure 4.16: A schematic diagram shows the effect of particle position in the spray 
zone on the fraction of spray material received by the particle. 
 
As the particle moves from one point to another in the spray zone, it will collect 
different amounts of spray material.  The amount of spray collected by the particle during 
its movement in the spray zone is equal to the sum of the amounts of spray material 
collected by the particle for each move.  Assuming that the particle enters the spray zone 
after taking j steps and starts to receive the spray material at step j+1 and leaves the spray 
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zone after step j+n, the total amount of spray collected by the particle during its 
movement through the spray zone is given by: 
   ∑
+
+=





 +
= +
nj
1ji
mm
Total 2
SS
S 1ii      (4.28) 
 
Uniform Upward Spray Model  
A simple experiment (refer to Appendix IV for details) was carried out to 
investigate the flow direction of the spray nozzle.  A piece of white blotting paper with 
the same dimensions as the draft tube was pasted to the draft tube wall.  The fluidized bed 
(without particles) and the spray nozzle with spraying material were allowed to run for a 
few minutes.  Based on the observation, the spray material was found after a certain 
distance to move vertically upward from the bottom of the bed as shown in Figure 4.17.  
The spray droplets were found to travel in the y-direction (upward direction) together 
with the fluidizing air, consistent with this observation, the blotting paper was found to be 
uniformly wet and stained all the way to the top of the draft tube.   
The conclusion from the observation is that without tablets present, the spray 
density is uniform in the y-direction as illustrated in Figure 4.18.  Therefore, the 
projected surface area of the tablet that intersects with the spray is simply a cylinder with 
diameter equal to the particle diameter Ds and height equal to the distance of the particle 
from the bottom of the bed.  In this case, the number of elements, m is determined by the 
distance of the particle from the bottom of the bed (refer to Figure 4.19).  However, the 
spray density was found to vary in the radial position with all operating conditions.  
Details of the spray density at different atomizing air flow rate are given in Appendix V.   
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Figure 4.17: A schematic diagram illustrates the flow direction of spray material when 
running in a fluidized bed (with fluidizing air) without particles.  Arrows show the flow 
direction of the spray material along the draft tube. 
 
 
 
Spray zone  
Uniform upward 
spray density  
 
 
 
 
 
Figure 4.18: A schematic diagram of the shape of a uniform, upward moving spray. 
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As defined in the previous section, V(k) and ε(k) are the volume and voidage for 
element k respectively, where k is between 1 and m.  Similarly, the volume of particles in 
element k, Vp(k) is given by Equation (4.17). 
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Figure 4.19: A schematic diagram illustrates the discretization of the particle projected 
surface area with the uniform, upward spray shape assumption. 
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The voidage ε(k) in element k is equal to the voidage of the section in which the 
central point of the volume of element k is located, shown in Figure 4.20.   
The number of particles in element k, Np(k), is given by Equations (4.18) and 
(4.19).  The projected surface area of particles in element k is given by Equations (4.20) 
and (4.21).  The fraction of spray, f(k), entering k and leaving at k+1, which is given by 
Equation (4.22), is simplified to the following equation:   







 −
−=
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)( 2
)1(
31
ksp
kk
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V
f
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     (4.29)  
This simplification can be made because the cross sectional area of the element is 
constant.   
 
 
Volume of 
element k, V(k) 
Voidage of element k, ε(k) 
Figure 4.20: Schematic diagram illustrates a cylindrical volume of element, k 
 
 
The total fraction of spray, Fm, hitting the particle at location m is similar to the 
previous case, which wass given by Equation (4.25).  However, the total available 
fraction of spray is a function of the fraction of spray Fm, the ratio of area of the tablet or 
particle, to the area of the segment, and the spray distribution fraction for the segment, 
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Sdist.  A segment is referred to as half of a semi-circular fluidized bed section (for 
example, section 1 consists of segment 1a and segment 1b).    
Therefore, the amount of spray material deposited on to a particle at location m, 
Sm is calculated by using the following equation: 
tS
A
A
mFS dist
seg
sp
smm ∆=      (4.30)  
 Consider the spray distribution (details are discussed in Section 5.2.6) in Figure 
4.21 and suppose the particle is located 1.4 cm horizontally from the spray nozzle.  
Therefore, the area of the segment Aseg, is equal: 
   )RR(A 20.1
2
5.1)a(4Seg −= π4
1      (4.31) 
where R1.0 and R1.5 are equal to 1.0 cm and 1.5 cm respectively.  The corresponding 
fraction of the spray distribution Sdist would be 0.0748.  
Similarly, as explained in the case of solid cone spray shape, the total amount of 
spray collected by the particle during its movement through the spray zone is calculated 
using Equation (4.28). 
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Figure 4.21: A schematic diagram illustrates a spray distribution as a function of radial 
position in the spouted region.  The details of this spray distribution are given in Section 
5.2.6.  
 
 
CHAPTER 5: RESULTS 
5.1 EXPERIMENTAL RESULTS FROM PULSE TESTS 
Experimental pulse tests were done under two different bed conditions; without a 
particle deflector and with a modified deflector, as explained in Chapter 3.  The operating 
conditions for the No-Deflector case and the Modified-Deflector case were similar to Run 
6 and Run 5 from Subramanian’s experiments, respectively.  Refer to Appendix VII for 
Subramanian’s experimental matrix.   The coating distributions obtained from pulse test 
experiments for these two cases are compared with the simulation results using the input 
data taken from Runs 6 and 5, respectively. 
 
5.1.1 Results for Experiments without a Particle Deflector (No-Deflector 
Case) 
A pulse test experiment was performed following the procedure described in 
Chapter 3.  At the end of the experiment, 100 coated-tablets were sampled and analyzed.  
In order to confirm the results, the sampling was repeated three times.  Thus, a total of 
300 tablets were analyzed.  The results of the experiments are summarized in Table 5.1.   
The summary of the results for the tablet analysis are given in Figure 5.1.  The 
binning was determined from the maximum and minimum values of the 300 tablets.  The 
bin range was calculated by the Equation (5.1): 
10
min)(maxxx ii1
−
+=+       (5. 1) 
where i ranging from zero to nine.   
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Figure 5.1 shows the summary of the experimental results for each 100-tablet 
analysis run as well as the overall analysis (referred to as ‘All runs’).  For comparison 
purposes, the frequency data for the overall results was normalized to 100 tablets. 
From the result of Analysis of Variance (ANOVA), the differences between Run 
1 and 2 as well as between Run 2 and 3, are not statistically significant, with the p-
values* of 0.007813 and 0.4267, respectively.  Therefore, the results for the pulse test of 
the No-Deflector case can be represented by the overall analysis (‘All Runs’).  This 
result, which represents the coating distribution for No-Deflector case, is compared with 
the simulation results (at the same bed operating conditions) from the coating model 
developed in this study. 
 
 
Table 5.1: Summary of No-Deflector pulse test experimental results. 
Data Run 1 Run 2 Run 3 All runs 
Min 0.00070 0.00158 0.00137 0.00070 
Max 0.02170 0.01440 0.01275 0.02170 
Mean 0.00520 0.00414 0.00390 0.00441 
Std Dev 0.00321 0.00227 0.00216 0.00264 
 
 
*P-values is a smallest value of the significant level for the calculated test statistics. 
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Figure 5.1: The results of the pulse test experiments for the No-Deflector case.   
 
5.1.2 Results for Experiments with the “Optimized” Particle Deflector 
(Modified-Deflector Case). 
Pulse test experiments were also performed using the modified deflector and 100 
of coated tablets were sampled for analysis.  Since the data from each sample of the No-
Deflector run were consistent, the sampling for this run was done only twice, which 
meant a total of 200 tablets was analyzed.  The ANOVA result between these two runs 
gave a p-value of 0.9998, which means the difference is not statistically significant. The 
same method was used to determine the binning of the histogram plot.  The results of the 
analysis are summarized in Table 5.2 and the data are plotted in Figure 5.2. 
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Table 5.2: Summary of Modified-Deflector pulse test experimental results. 
Data Run 1 Run 2 All runs 
Min 0.00097 0.00223 0.00097 
Max 0.01278 0.00817 0.01278 
Mean 0.00417 0.00419 0.00418 
Std Deviation 0.00162 0.00123 0.00144 
Run 2
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Figure 5.2: The results of the pulse test experiments for the Modified-Deflector case.   
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5.2 SIMULATION RESULTS 
A Visual Basic ® program, based on the theoretical development of the coating 
model given in Chapter 4, was developed to simulate a fluidized bed coating equipment.  
This model was developed to predict the amount of coating material deposited onto each 
particle during a single pass through the spray zone.  The calculation method and 
assumptions used in the model are explained in Chapter 4.  In this section, the validation 
of the model, as well as the results, are discussed.   
 
5.2.1 Validation of the Model for Particle Movement  
Before the spray concept was introduced into the model, the ability of the model 
to simulate the ‘correct’ particle movement was validated.  This was done, by simulating 
the model using Subramanian’s experimental data of velocity  (in the x and y directions) 
and voidage.  The results of the simulation were compared with the voidage and velocity 
profiles from Subramanian’s experimental data obtained at the same bed operating 
condition. 
The results of the simulation of 150 particles, are shown in Figure 5.3.  Each 
shaded line represents the movement of a particle.  It is seen that the directions of the 
particle movement and the bed voidage are similar to the experimental profiles shown in 
Figures 5.4 and 5.5 respectively.  For example, both simulation and experiment have low 
voidage at the areas surrounded by circles and high voidage at the area surrounded by 
rectangles.  However, in the region close to the right side of the draft tube wall the 
simulation result indicates low voidage region instead of high voidage as shown in the 
experimental profile.  This could be the effect from the raw data at the bottom of the bed 
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where the bed voidage is low and the velocity of the particle in the y-directions is almost 
straight up, thus results in the low voidage region at the draft tube wall. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3: Simulation of particle movement using data from Run 2 of Subramanian, 
2001. 
 
Each shaded line represents the 
movement of a single particle. 
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Figure 5.4: Voidage map in the draft-tube at different axial locations for experimental 
Run 2 (Subramanian, 2001). 
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Figure 5.5: Particle velocity map in the draft-tube at different axial locations, for 
experimental Run 2 (Subramanian, 2001). 
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5.2.2 Validation of Particle Coating Model using Uniform Velocity and 
Voidage Model (Cheng 1993) 
Before the coating model can be employed to predict the coating variation, the 
functionality of the fundamental concepts used in the model were verified.  This was 
done by comparing the simulation results from the model with the analytical model 
developed by Cheng (1993).  In Cheng’s Model, the amount of coating material 
deposited per particle per pass, was predicted by assuming the following operating 
conditions, which are illustrated in Figure 5.6: 
• Particles moved with uniform velocity in the y-direction (vertically) and zero 
horizontal velocity. 
• Voidage of the bed was uniform throughout the spray zone. 
• The shape of the spray zone was a hollow cone with uniform spray density. 
• The coating material that failed to hit the particles was assumed to be lost 
from the system. 
• The shape of a particle was spherical 
In order to verify the coating model using Cheng’s assumption, the orientation of 
the discretization used in the simulation had to be adjusted to be identical to the 
orientation of the integrated segments used in Cheng’s Model, as illustrated in Figure 5.7.  
Instead of discretizing the projected surface area of the coating model into several 
sections parallel to the particle surface area with respect to the spray nozzle (as shown in 
Figure 4.4), the projected surface area is discretized vertically, as shown in Figure 5.8.  
Using these assumptions, the fraction of spray passing through each of the discretized 
segments in both models are calculated using the equations listed in Table 5.3.
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Figure 5.6: Illustration of the assumptions used in Cheng’s Model. 
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Figure 5.7: A schematic diagram illustrates the technique of discretizing the projected 
surface area in Cheng’s Model. 
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Figure 5.8: A schematic diagram illustrates the technique for discretizing the 
projected surface area in the coating model used to compare Cheng’s Model. 
 
A series of simulations was run at different conditions based on the same 
assumptions used by Cheng (Cheng, 2000). The simulation shows similar results 
compared to those of Cheng, as shown in Figures 5.9 and 5.10.  Based on the same 
assumptions for the sheltering effect, both models show a strong decrease in relative 
variation with an increase in voidage (Figure 5.9).  Figure 5.10 shows that for a given 
voidage, the variation will increase with an increase in the diameter of the insert. 
These results show that when the voidage is increased, with decreasing insert 
radius, the coefficient of variation of coating received per particle will decrease, since the 
tendency of spray material to impinge on particles far away from the spray nozzle is 
lower.  However, if the voidage is too high, the coating efficiency decreases, due to the 
 65 
fact that more spray material will be lost in the system.  These results show that the 
assumptions and equations used in simulating the coating model are valid and capable of 
predicting the coating variation in a fluidized bed coater. 
 
Table 5.3: List of equations used in the coating model from this work and Cheng’s 
model. 
 
Variables 
 
Coating Model Cheng’s Model 
Vol (element) ( )
4
2
)(
ave
k
ZHVol ∆= π  rVol ∆= 22παβ  
Number of particle 
(in element) 3
)(
)(
6 sp
k
kp
D
Vol
Num π=  3
6 sp
p
D
VolNum π=  
Proj. surface area of 
particle (in element) 


= 2)()( 4 spkpkp
DNumA π  


= 2
4 sppp
DNumA π  
Fraction of spray  
(in element) 







−=
)k(
)k(p
)k( A
A
f 1  
 
Total fraction of 
spray 
  
Amount of spray 
(deposited onto 
particle) 
  
( )[ ]10
1
KrreK
dr
dF −−=
( )
spD
K
2
13
1
ε−
=
r
dr
dF
∆



)m()()( f....f.fF 21=
r
dr
dF
Num
tMX
p
ss ∆


=F
A
AtMX
cap
tab
ss=
 
 66 
 NR = 38  (NR = R/Dp)              N0 = 2  (N0 = r0/Dp)          Dp = 1  
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Figure 5.9: Effect of voidage on coefficient of variation of coating per particle for Cheng’s Model and the coating model from this 
work. 
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 Voidage = 0.6          Particle Velocity (in y-direction) = 0.8         R - r0 = 250          Dp = 1  
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Figure 5.10: The effect of insert (draft tube) diameter and particle size on the coefficient of variation of coating per particle.   
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Since the predicted values from the model are strongly dependent on the fraction 
of the spray that hits the particle, which was determined by discretizing the projected 
surface area, it is important to determine the minimum number of discretized elements 
needed to agree with the predictions from Cheng’s analytical model.  To do this, the 
model was simulated using different numbers of discretized elements and the results are 
plotted and compared with the calculated value from Cheng’s Model in Figure 5.11.  
From the figure it shows that in order to achieve the same result as predicted by Cheng 
(2000), the projected surface area has to be discreatized into 3,000 or more sections.   
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Figure 5.11: The effect of number of discretized sections on the predicted value from 
simulation.   
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5.2.3 Validation of Particle Coating Model with Experimental Data 
In this section, the functionality and the ability of a fully developed coating model 
to process the input data and to calculate the amount of spray material received by 
particles are verified.  The validation was done using a solid cone spray model in which 
the projected surface area is discretized with respect to the spray zone.  Initially, the 
model was simulated using uniform input data taken from Runs 6 and 5 for the No-
Deflector and the Modified-Deflector cases, respectively.  The uniform data for the 
velocity in the y-direction and the voidage were determined as the average values from 
the data. Refer to Appendix VII for the calculation method.  The movement of the 
particles was only simulated in the y-direction with a given uniform velocity and uniform 
bed voidage.   
The results shown in Figures 5.12 and 5.13, indicate that the model is able to 
recognize and process the input data and transform the result into the desired graphical 
output.  Each shaded line represents a particle movement from the bottom to the top of 
the column.  When the particle is in the spray zone, the amount of spray material received 
is represented by the intensity of the line’s ‘color’. The darker the line the more spray 
material was received.  Since the time increment used in the simulation, ∆t, is relatively 
small, each individual step of movement appears as a dot or a point.  From the figure, it is 
seen that as the particle travels from the bottom of the bed, the intensity of the line 
becomes darker, and particles that started at a radial location away from the spray nozzle 
have lighter line intensities.  This agrees with the expected result that as a particle travels 
from the bottom to the top of the bed in the spray zone, the spray material accumulates on 
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the particle surfaces and that particles far away from the spray nozzle receive less spray 
material than those closer to the center. 
  
 
 
 
 
Outside spray zone: 
Each shaded line represents the 
movement of each particle.   
 
 
 
 
Inside spray zone: 
The intensity of the lines represents 
the amount of material deposited 
onto the particle.   
 
 
 
 
Number of simulated particles  
= 10,000  
 
Figure 5.12: Sample output of the simulation using uniform  velocity (only in the y-
direction) and uniform voidage.  Input data taken from experimental Run 6. 
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Inside spray zone: 
The intensity of the lines represents 
the amount of material deposited 
onto the particle.   
Outside spray zone: 
Each shaded line represents the 
movement of each particle.   
Number of simulated particles  
= 10,000 
Figure 5.13: Sample output of the simulation using uniform velocity (only in the y-
direction) and uniform voidage.  Input data taken from experimental Run 8. 
 
The next step was to verify the effect of using actual experimental voidage data, 
in the simulation.  The results shown in Figures 5.14 and 5.15 show that the lines’ 
intensity in the spray zone differs only slightly from Figures 5.12 and 5.13, respectively.  
This means that the variation in the voidage of the bed has a small effect on the amount 
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of spray material received by the particles traveling through the spray zone.  This is due 
to the slightly different sheltering that occurs due to the non-uniform voidage in the bed.  
 
 
 
 
Outside spray zone: 
Each shaded line represents the 
movement of each particle.   
 
 
 
 
Inside spray zone: 
The intensity of the lines represents 
the amount of material deposited 
onto the particle.   
 
 
 
 
 
 Number of simulated particles  
= 10,000 
 
 
Figure 5.14: Sample output of the simulation using uniform velocity (only in the y-
direction) and experimental voidage data from experiment Run 6. 
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Figure 5.15: Sample output of the simulation using uniform velocity (only in the y-
direction) and experimental voidage data from experiment Run 8. 
Inside spray zone: 
The intensity of the lines represents 
the amount of material deposited 
onto the particle.   
Outside spray zone: 
Each shaded line represents the 
movement of each particle.   
Number of simulated particles  
= 10,000 
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Finally, the simulation was run using the experimental data from Subramanian 
(2001) as input.  In this case, the particles do not move in straight lines, but in the 
direction similar to the velocity profile obtained in Subaramanian’s experiments under 
the same operating condition, refer to Figures 5.16 and 5.18 for experiment Run 6 and 
Figures 5.17 and 5.19 for experiment Run 8.    
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.16: Sample output of simulation with all input data taken from experiment 
Run 6.  The profile of the velocity used in this simulation is shown in Figure 5.18. 
Inside spray zone: 
The intensity of the lines represents 
the amount of material deposited 
onto the particle.   
Outside spray zone: 
Each shaded line represents the 
movement of each particle.   
Number of simulated particles  
= 10,000 
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Figure 5.17: Sample output of simulation with all input data taken from experiment 
Run 8.  The profile of the velocity used in this simulation is shown in Figure 5.19. 
Inside spray zone: 
The intensity of the lines represents 
the amount of material deposited 
onto the particle.   
Outside spray zone: 
Each shaded line represents the 
movement of each particle.   
Number of simulated particles  
= 10,000 
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Figure 5.18: Particle velocity map in the draft-tube at different axial location for 
experimental Run 6 (Subramanian, 2001). 
 77 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Represents a 
Velocity of  
100 cm/s 
 
28.5 
 
 
 
 
24.5 
 
 
 
 
 
20.5 
 
 
16.5 
 
 
 
 
 
12.5 
 
 
 
 
8.5 
 
 
 
 
4.5 
 
 
Axial Distances 
from the Distributor 
Plate (cm) 
  -4    -2      0     +2      +4 
   Radial Distances (cm) 
 
 
 
Figure 5.19: Particle velocity map in the draft-tube at different axial location for 
experimental Run 8 (Subramanian, 2001). 
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5.2.4 The Effect of Spray Shape and Discretization Method on the Predicted 
Coating Distribution 
Discretization with respect to the spray nozzle 
As mention earlier, the first attempt to simulate the coating model was done by 
assuming the spray material moves in a radial direction from the spray nozzle in a so 
called “solid cone” spray pattern.  The projected surface area is discretized with respect 
to the spray nozzle or perpendicular to the spray direction as described in the Chapter 4 
and the schematic diagram of the discretization of the projected surface area is shown in 
Figure 4.4.   
Using this orientation, a particle that is radially far from the nozzle receives the 
least amount of sprayed material and the particle that is at the center of the bed receives 
the most spray.  Referring to the probability function used in the model to determine the 
starting point of the particle, about 65% of the particles enter the bottom of the bed at a 
distance of more than 3.5 cm from the spray nozzle, 33% enter in the region between 1.5 
- 3.5 cm, and 2% enter in the region less than 1.5 cm from the nozzle, as shown in Figure 
5.20.  This means that about 2% of the particles receive a very large amount of spray 
material, while the remaining 98% of the particles receive only a very small amount.   
This results in a wide coating distribution with a very long tail as shown in Figure 5.21.   
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Figure 5.20: The relationship between the particle starting points and the distance from 
the spray nozzle for No-Deflector case. 
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Figure 5.21: Coating distribution for No-Deflector case (discretized with respect to the 
spray nozzle) compared with experimental pulse test distribution. 
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Discretize vertically from the bottom of the bed. 
Based on the observation of the spray shape from the experiment given in Section 
3.3, the spray material was found to move vertically upward after a certain distance from 
the bottom of the bed, as shown in Figure 4.17.  With this observation, it is more 
reasonable to discretize the projected surface area in the vertical direction as shown in 
Figure 4.17.  Therefore the flow direction of the spray material used in the model will be 
similar to the one shown in Figure 5.22.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.22: Direction of spray used in subsequent coating simulations. 
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In this case, the amount of spray material received by the particle does not depend 
on the particle distance from the spray nozzle but will be a function of the spray density 
at a given radial position.  In the case of uniform spray distribution and uniform voidage, 
the fraction of spray material that will hit a particle is the same at any radial position from 
the spray nozzle, and this should give rise to a much narrower coating distribution.  
 
5.2.5 The Effect of Spray Shape on the Coating Uniformity Predicted by the 
Model 
The initial work of this research used the assumption of a solid cone spray shape, 
shown in Figure 5.23.  This is consistence with the picture suggested by Cheng (Cheng, 
1993), used to derived an analytical solution for the spray distribution on a batch of 
particles.  However, with this assumption, the distribution of spray material does not 
match well with the experimental data.  This is due to the extreme condition caused by 
the shape of the spray where the particle in the outer zone of the spray nozzle would 
spend very little time in the spray zone.  On the other hand, a particle in the middle of the 
draft tube would spend the most available time in the spray zone and would receive a 
large spray fraction due to the low sheltering effect at the center of the spray.  
  To investigate further the effect of spray shape on the coating distribution, a 
rectangular spray shape, as shown in Figure 5.24, was used in the model.  This reduces 
the effect of spending less time in the spray zone.  The only factor that affects the amount 
of spray material picked up by the particles is the distance from the nozzle.   
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Figure 5.23: Illustration of the solid cone spray shape used in the model. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.24: Illustration of the rectangular spray shape used in the model. 
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Figure 5.25 compares the results of the simulation using a solid cone spray shape, 
using a rectangular spray shape, and the experimental pulse test results.  The simulation is 
done using uniform input data in order to eliminate the effect of the velocity and voidage 
variations on the coating distribution.  The graph shows that the results of both 
simulations have long tails and wide distributions.  In the case of the solid cone spray 
shape, about 78% of the data are concentrated in the first two bins but this is reduced to 
58% for the case of rectangular spray shape.  This shows that the solid cone shape 
promotes a very wide coating distribution, which in turn increases the coating variance.  
Figure 5.26 illustrates the results for both solid cone and rectangular spray shapes. 
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Figure 5.25: Coating distribution for No-Deflector case simulated with uniform input 
data, uniforms spray density, but different spray shapes compared with experimental 
results. 
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Figure 1 
 
 
 
 
 
 
 
 
 
Inside spray zone: 
The intensity of the lines represents 
the amount of material deposited 
onto the particle.   
Outside spray zone: 
Each shaded line represents the 
movement of each particle.   
2 
No 
2 
Unif- Rectangular Unif- Cone 
Figure 5.26: The output of simulation for the No-Deflector case simulated with uniform input data and solid cone and rectangular 
spray shapes. 
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The results of the experiments using blotting paper in the draft tube (Section 3.3) 
suggested that the spray material moves vertically upward rather than having a specific 
shape.  This leads to the idea of having no boundary at the top of the spray zone as shown 
in Figure 5.27.  For this case, material would stop receiving the spray material only when 
there is enough sheltering effect to prevent the spray material hitting the particle.  In 
addition, it suggests that the flow direction of the spray material is vertical from the 
bottom of the bed rather than from the spray nozzle.  The coating distributions resulting 
from this assumptions are presented and discussed in the following section.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.27: Rectangular spray shape without a top boundary having vertical direction 
of spray material. 
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5.2.6 The Effect of Spray Distribution to the Coating Uniformity Predicted 
by the Model 
Based on the results discussed previously, it is found that the direction of the 
spray material is vertical all over the draft tube region.  This requires that the projected 
surface area must be discretized in the vertical direction as shown in Figure 4.19.  
Therefore, the amount of spray material deposited onto the particle at any location 
depends on the voidage of the projected surface area (discretized elements) and the spray 
distribution. 
In order to obtain accurate information on the radial distribution of spray, a series 
of tests were performed by Spraying Systems Co. using a traditional single dimension 
patternator and laser beam doppler velocity meter for the semi-circular nozzle used in this 
work.  The nozzle was placed in the center directly above a channel divider at a distance 
of 5.5 in.  The details of this test are given in Appendix V.  Figure 5.28 shows the spray 
distribution for the nozzle operating at 30 psi atomizing air pressure at which the pulse 
test  experiments were operated.  Note that the original data of the spray distribution are 
reported in 2 cm range value as shown in Appendix V.  A smaller range of values, 1 cm, 
was obtained by linear interpolation.   
Overall distribution 
The 30 psi overall distribution ranging from -10 cm to 14 cm from the spray 
nozzle was regressed in Excel® to get the polynomial equation, shown in Figure 5.28.  
The equation is then used in the model to calculate the fraction of available spray 
material at any instance in the spray nozzle.  The result of the simulation with the overall 
distribution was plotted in Figure 5.29 and 5.30 for No Deflector and Modified Deflector 
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respectively.  From both graphs, it is obvious that the coating distributions of the particles 
are not identical with the experimental pulse test coating distribution.  This is explained 
by the phenomena described in Section 4.4.2.2 where at certain distance from the spray 
nozzle, the spray material travels vertically upward.  Therefore, it is assumed that when 
the bed is fluidizing, the spray material does not hold its original distribution shape.   
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Figure 5.28: Overall spray distribution for 30 psi atomizing air.  The darker bars 
indicate the region in the draft tube. 
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Figure 5.29: Coating distribution for No-Deflector case simulated using overall spray 
distribution compared with the experimental pulse test distribution. 
 
0
5
10
15
20
25
30
35
Fr
eq
ue
nc
y
Simulation
Experiment
 
           0.1      0.2      0.3      0.4      0.5      0.6      0.7      0.8      0.9      1.0      1.1     more 
Concentration x10-2 (mg/tablet) 
 
 
Figure 5.30: Coating distribution for Modified-Deflector case simulated using overall 
spray distribution compared with the experimental pulse test distribution. 
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Spray distribution – Case I 
At a distance far from the spray nozzle and near to the draft tube wall, the velocity 
of the fluidizing air is much greater than the velocity of the atomizing air, and this causes 
the spray material to be dragged vertically upward.  The data in Appendix V, show the 
spray pattern covers a region of –10 cm to 14 cm from the spray nozzle, but the width of 
the draft tube is approximately 10 cm.  Therefore, it is assumed that the ‘excess’ spray 
material at the outer edges greater than a radial distance of 5 cm from the spray nozzle is 
swept upwards at the sides of the draft tube.  This modifies the spray distribution to that 
shown in Figure 5.31. 
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Figure 5.31: Spray distribution of Case I for 30 psi atomizing air 
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Figure 5.32 and 5.33 show the simulation results for the No-Deflector and the 
Modified-Deflector cases using the spray distribution from Figure 5.31, respectively.  For 
No-Deflector case, the result shows very good agreement with the pulse test experimental 
data.  The Chi-Square analysis shows that those results are not statistically significant.  
(Refer to Appendix VIII).   
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Figure 5.32:   Coating distribution for No-Deflector case simulated using Case I spray 
distribution compared with the experimental pulse test distribution. 
 
 
However, the result for the Modified Deflector simulation suggests that the spray 
distribution may vary with the presence of the deflector.  This can be explained by the 
function of the deflector, which is to draw the particles (at the bottom of the bed) away 
from the spray nozzle.  Thus results in having more particles in the region close to the 
draft tube wall compared to those in the No-Deflector case.  With Case I spray 
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distribution, the spray fractions at the regions next to the draft tube walls are almost three 
times higher than at other regions.  This explains why the coating distribution of the 
simulation in Figure 5.33 has more particles that receive high amounts of spray.   
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Figure 5.33: Coating distribution for Modified-Deflector case simulated using Case I 
spray distribution compared with the experimental pulse test distribution. 
 
 
 
Spray Distribution – Case II 
 
For the case of the Modified-Deflector, the particles that enter the spray zone are 
directed away from the spray nozzle.  This means that more particles are present close to 
the draft tube wall to block the fluidizing air, thus decreasing the air velocity.  Therefore, 
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it is postulated that the amount of spray material dragged by the fluidizing air at the draft 
tube wall would also decreased.  Based on this explanation, it is assumed that half of the 
‘excess’ spray material passes to the outer radial segment of the spray zone and the 
another half goes to the segment next to it.  Figure 5.34 shows this type of spray 
distribution.  
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Figure 5.34: Spray distribution of Case II for 30 psi atomizing air. 
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Figure 5.35 and 5.36 show the results of the simulation for No-Deflector and 
Modified-Deflector using the spray distribution of Case II.  For this type of spray 
distribution, the Modified-Deflector case show better agreement compared to those for 
the No-Deflector case.  In order to make the distribution to shift to the left, the bottom 
part of spray zone is modeled as a region where the spray angle is 45 degree at the bottom 
of the bed (as shown in Figure 5.37), the Modified-Deflector simulation result gives very 
similar results as the coating distribution to the experimental pulse test results, as shown 
in Figure 5.38. 
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Figure 5.35: Coating distribution for No-Deflector case simulated using Case II spray 
distribution compared with the experimental pulse test distribution. 
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Figure 5.36: Coating distribution for Modified-Deflector case simulated using Case II 
spray distribution compared with the experimental pulse test distribution. 
 
 
 
45 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.37: The rectangular spray shape having 45 degree angle at the bottom of the 
spray zone.  
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Figure 5.38: Coating distribution for Modified-Deflector case simulated using Case II 
spray distribution having 45° angle at the bottom of the spray zone, compared with the 
experimental pulse test distribution. 
 
 
 
 
When the 45-degree angle at the bottom of spray zone was applied to No-
Deflector simulation with Case II spray distributions, the result does not agree well with 
the experimental coating distribution as shown in Figures 5.39.  Comparing Figures 5.35 
and 5.39, the No-Deflector simulation results using Case II spray distribution, one can see 
that in Figure 5.39 the amount of particles that receive less spray material has increased.  
This may due to the fact particles close to the wall start receiving spray material after a 
certain height from the bottom of the bed at which point the fraction of spray that hits the 
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particles is reduced due to sheltering effect.  This results in an increase in the amount of 
particles that receive less coating, thus making the distribution shift to the left. 
The overall results suggest that, the spray distribution, as well as the spray zone 
shape, vary with different bed operating condition.  However, further work has to be done 
to investigate these phenomena.  
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Figure 5. 39: Coating distribution for No-Deflector case simulated using Case II spray 
distribution having 45° angle at the bottom of the spray zone. 
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CHAPTER 6: CONCLUSIONS 
A Monte Carlo coating model was developed to predict the coating variation in a 
semi-circular Wurster fluidized bed at different operating conditions.  The input data used 
in the model was based on the experimental velocity and voidage data taken by 
Subramanian (2001).  The results of the particle movement from the simulation were 
analyzed and compared with the experimental voidage and velicty profiles.  The 
comparison confirmed the ability of the model to simulate the correct particle movement 
in a semi-circular fluidized bed.  The equations and calculation methods used in the 
coating model were verified using Cheng’s uniform velocity and voidage model (2000).  
Finally, the results of the simulations were compared with the experimental pulse test 
data. 
Pulse test experiments were carried out to determine the coating variation 
obtained both with and without particles deflectors.  The results were analyzed and the 
coating distributions were compared with the predictions from the simulations from the 
coating model developed in this work. 
The conclusions that can be drawn from the experiments and simulations are 
summarized as follows: 
• The results of the simulation show that the directions of the particle 
movement, as well as the bed voidage, are similar to the experimental profile.  
This proved that the model was capable of using the input data and to give 
realistic velocity and voidage profile in the equipment. 
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• The coating model developed in this work gave similar results to Cheng’s 
uniform velocity and voidage model when the projected surface area was 
discretized using the same orientation as Cheng’s work. 
• The number of discretized elements of the projected surface area plays a very 
important role in the simulation.  In order to achieve the same result as 
predicted by Cheng (2000), the projected surface area have to be discreatized 
into 3,000 or more sections.    
•  When the model was simulated with uniform velocity and voidage and 
compared with a model simulated with uniform velocity but with 
experimental voidage, the intensities of the lines in both cases were almost 
identical.  This suggested that for the experimental conditions used in the 
current work, the variation in bed voidage has only a small effect on the 
amount of material received by the particles.  
• The results from experimental work in a particle-free bed showed that the 
direction of spray material is vertically upward (from the bottom of the bed).  
This required that the projected surface area be discretized normal to the 
bottom of the bed. 
• When the projected surface area was discretized with respect to the spray 
nozzle, using a solid cone spray shape, the coating distribution of the particles 
was found to have a very long tail.  This was due to the fact that the closer the 
particle to the spray zone received more spray material and vice versa.  This 
effect is reinforced by the effect of the conical shape of the spray zone, where 
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particles close to the draft tube (far from the spray zone) spend less time in the 
spray zone, thus receiving less spray material. 
• The results of the spray characterization experiments carried out by Spraying 
System Co. (Wheaton, IL) showed a radial variation in the spray density. 
When this spray distribution is introduced into the model, the simulation 
results do not agree with the experimental pulse test results.  However, in No-
Deflector case, the best results were obtained when the spray was directed 
vertically upwards and the “excess spray fraction” was added to the outer 
region of the spray pattern.  In the case of the Modified-Deflector, the best 
results were obtained when the “excess spray fraction” was divided and added 
to the first two outer regions of the spray pattern.  Based on the above 
assumptions and results, it suggests that the shape of the spray is a very 
important parameter in modeling the distribution of coating material received 
per-particle-per-pass.   
• The blotting paper experiment suggests that there is no specific spray shape 
for the spray zone as per predicted earlier.  Instead, the spray material was 
found to be distributed over whole region of the draft tube in the absence of 
particles.  In addition, the flow direction of the spray material was found to be 
vertically upward.  In the No-Deflector case, the best result was obtained 
when the spray material was assumed to flow vertically upwards.  However, 
in the case of Modified-Deflector, the best simulation results were obtained by 
assuming that there is a no-spray zone, which is at the region below the line of 
45 degree from the bottom of the bed to the draft tube wall.  This may suggest 
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that the spray shape at the bottom of the bed is different with different bed 
condition particularly with or without the presence of a particle deflector.  
However, more work has to be done to investigate this theory. 
• Finally, it can be concluded that, with adequate experimental input data, 
Monte Carlo simulation can be used to predict the coating variation at 
different operating condition in semi-circular Wurster fluidized bed coating 
equipment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 7: RECOMMENDATIONS FOR FUTURE 
WORK 
The recommendations for future work are as follows: 
• The results from the blotting paper experiment have shown that the direction of 
the spray material is vertically upward.  However, the experiment was done 
without the particles present in the fluidized bed.  The observation of the flow 
direction of the spray material was based on the trace of the spray material on the 
blotting paper.  Despite spraying with a colored spray solution, the flow of the 
spray is very fast and the spray droplet is so small that it is difficult to visually 
observe the direction of the spray material flow as well as the spray coverage.  An 
experiment with an ultra violet content of spray material could be conducted so 
that flow and the coverage of the spray material can be easily seen.      
• Based on the test report provided by Spraying System Co., the spray density 
varies in the axial position from the spray nozzle.  This spray distribution was 
used as the input data in the simulation.  A modification to the spray distribution 
was made based on an assumption that the spray material was swept away by the 
fluidizing air.  In order to obtain better prediction from the simulation, a study 
should be conducted to measure and investigate how the spray distribution varies 
with different bed operating conditions when particles are present. 
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NOMENCLATURE 
 
A(k) cross sectional area of element k, m2 
)(kA  average cross sectional area of element k, m
2 
Acap area of the spherical cap, m2 
Ap(k) projected surface area of particles in element k, m2 
Asec area of the section of semi-circular fluidized bed, m2 
Aseg area of the segment of semi-circular fluidized bed, m2 
Asp  surface area (projected) of the sphere particle used in the simulation, m2 
Atab surface area of the tablet used in the experiment, m2 
cv coefficient of variation 
Ct particle circulation time, s 
Dsp diameter of the sphere particle used in the simulation, m 
Dtab diameter of the tablet used in the experiment, m 
f(k) fraction of spray passing through element k 
ft function used in equation 3.14, m 
Fm total fraction of spray passing through all elements 
J radius of the sphere of the spherical cap, m  
l length of element, m  
m number of elements,  
•
m  mass flowrate, kg/s 
np number of spray droplets per second, s-1. 
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ns average number of coated particles 
Np total number of core particles in the practical tumbling fluidized bed 
Ns total number of core particle in the simulation 
Np(k) number of particles in element k 
Qa volumetric flow rate of the particle in the annulus region, m3/s 
Qs(i) volumetric flow rate of section i, m3/s 
r radial variable, m 
Ri radius of section i, m 
Ri,i inner radius of section i, m 
Ri,o outer radius of section i, m 
RN(i) random number of unit normal distribution of section  i, N(0,1) 
RND computer generated uniform random number from 0 to 1 
Sdist fraction of spray  
Sm amount of spray material deposited onto particle at location m, mg/tablet 
STotal 
 
total amount of spray material deposited onto particle in one path in the 
spray zone, mg/tablet 
tr average number of cycles per second, s-1. 
ttab thickness of the tablet used in the experiment, m  
ux  local velocity in the x-direction, m/s 
)(ixu  local velocity in the x-direction of section i, m/s 
xu  average local velocity in the x-direction, m/s 
uy local velocity in the y-direction, m/s 
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)(iyu  local velocity in the y-direction of section i, m/s 
)(iyu  average local velocity in the y-direction, m/s 
)(iyu  average local velocity in the y-direction of section i, m/s 
va particle velocity in the annulus region, m/s 
V(k) volume of section k, m3 
Vp(k) volume of particles in section k, m3 
)(i
n
xv  velocity in x-direction of particle n in section i, m/s 
)(i
n
yv  velocity in y-direction of particle n in section i, m/s 
 
 
 
∆t duration between successive particle simulations, s 
∆xn distance traveled in x-direction of particle n, m 
∆yn distance traveled in y-direction of particle n, m 
ε  local voidage 
ε  average local voidage 
)(kε  voidage of section k 
)( ixu
σ  standard deviation of local velocity in the x-direction 
)( iyu
σ  standard deviation of local velocity in the y-direction 
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Appendix I 
Calculation of Particle Circulation Time 
The particle circulation time was calculated from the mass flowrate of the particles 
through the annular packed bed region.  The velocity of a marked particle in the annulus 
region was measured using a stopwatch to record the time taken for the particle to move 
from the top to the bottom of the annulus region in a distance of 20 cm.  The results are 
shown in Table A-1.1. 
 
Table A-1.1: Measurement of time taken for the particle to move 20 cm distance from 
the top to the bottom of the bed in the annulus region. 
Trial Time (s) 
1 5.24 
2 3.90 
3 3.99 
4 5.27 
5 7.10 
6 3.84 
7 5.58 
8 4.74 
9 6.18 
10 4.66 
11 3.60 
12 4.85 
13 4.87 
14 4.42 
15 4.06 
Average 4.82 
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Therefore the velocity of the particle in the annulus is: 






=
cm
s
va
20
82.4
1     =  4.15 cm/s 
Given that the outer and the inner radii of the annulus region are 11.45 cm and 6.35 cm 
respectively, and the voidage is 0.435.  The mass flowrate for the annulus region is equal 
to: 
)cm/s 15.4)(kg/cm 10215.1)(435.01)(cm 35.6cm 45.11)(14.3(
2
1 332222 −• −−= xm   
kg/s 406.0=
•
m  
Particle circulation time is equal to: 
flowrate Mass
 WeightBed Total
=tC  
 
kg/s 4060
kg 63
.
.Ct =  
 s 878.Ct =  
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Appendix II 
Scanning Spectra of Blue Dye #1 and Red Dye #3 in water 
 A Lambda 2 UV/VIS Spectrophotometer (Perkin-Elmer corp., Norwalk, CT) with 
data acquisition software package PECSS version 4.0 was used to analyze FD&C Blue 
Dye #1 and Red Dye #3. 
First, the wavelength at which the maximum absorbance for each dye was 
obtained by using the ‘scan’ function in the PECSS software.  Figure A-2.1 and A-2.2 
show the scanning results for blue and red dye respectively. 
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Figure A-2.1: Spectra of Blue Dye #1 in water.   
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Figure A-2.2: Spectra of Red Dye #3 in water.   
 
Calibration of spectrophotometer 
 Since low concentration of blue and red dye deposited on to each tablet from the 
pulse test run was expected, the calibration of the spectrometer was performed at low 
blue or red dye concentrations.  Below are the calibration data and calibration curves for 
both blue and red dyes. 
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Table A-2.1: Data for calibration of the spectrophotometer for Blue Dye #1 
Wavelength 
(s) 
Sample 
ID 
Concentration 
(mg/ml) Absorbance 
629.0 BLU01 0.000500 0.0726 
629.0 BLU02 0.000300 0.0452 
629.0 BLU03 0.000100 0.0169 
629.0 BLU04 0.000090 0.0135 
629.0 BLU05 0.000070 0.0118 
629.0 BLU06 0.000050 0.0084 
629.0 BLU07 0.000001 0.0001 
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Figure A-2.3: Calibration curve for spectrophotometer of Blue Dye #1. 
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Table A-2.2: Data for calibration of the spectrophotometer for Red Dye #3 
Wavelength 
(s) 
Sample 
ID 
Concentration 
(mg/ml) Absorbance 
523.0 RED01 0.0000 0.0000 
523.0 RED02 0.0005 0.0481 
523.0 RED03 0.0010 0.0955 
523.0 RED04 0.0050 0.4968 
523.0 RED05 0.0100 0.9977 
523.0 RED06 0.0125 1.2418 
523.0 RED07 0.0200 1.9615 
523.0 RED08 0.0250 2.4150 
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Figure A-2.4: Calibration curve for spectrophotometer of Red Dye #3. 
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Appendix III 
Probability Function 
The starting points of the particles were determined by the probability function 
obtained from the volumetric flow rate at the bottom of the bed.  The volumetric flow 
rate of the particle in a given section is given by equation (4.1). 
rdruQ iiy
R
R
is
io
ii
)1(
2
1
)()()( επ −= ∫     ( 4. 1) 
Table A-3.1: Probability function of the volumetric flow rate for No-Deflector. 
No deflector           
Section i 
Velocity, uy 
(m/s) Voidage, ε Radius, Ri (m) 
Vol. flowrate, Qs 
(m3/s) Probability Cum. Prob. 
6 0.72258437 0.91133333 0.05 8.04708E-05 0.25680947 0.256809467 
7 0.71094084 0.82033333 0.03 8.02159E-05 0.25599593 0.512805398 
8 0.65831084 0.79758333 0.01 1.04604E-05 0.03338254 0.546187937 
9 0.79894847 0.81858333 0.03 9.10239E-05 0.29048789 0.836675831 
10 0.47196508 0.91366667 0.05 5.11774E-05 0.16332417 1 
   Total Qs 0.000313348 1  
 
 
 
Table A-3.2: Probability function of the volumetric flow rate for Modified-Deflector. 
Modified deflector           
Section i 
Velocity, uy 
(m/s) Voidage, ε Radius, Ri (m) 
Vol. flowrate, Qs 
(m3/s) Probability Cum.Prob. 
6 0.84106122 0.91133333 0.05 9.36651E-05 0.267574343 0.267574343 
7 0.67081388 0.82033333 0.03 7.56884E-05 0.216220081 0.483794423 
8 0.35794363 0.79758333 0.01 5.68762E-06 0.016247906 0.500042329 
9 0.70400984 0.81858333 0.03 8.02076E-05 0.22913023 0.729172559 
10 0.87429438 0.91366667 0.05 9.48038E-05 0.270827441 1 
   Total Qs 0.000350052 1  
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Figure A-3.1: Probability function for No-Deflector case 
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Figure A-3.2: Probability function for Modified-Deflector case. 
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Appendix IV 
Blotting paper Experiment 
The objective of this experiment was to examine the spray shape and the direction 
of the spray material in the fluidizing bed.  A piece of white blotting paper, big enough to 
cover the whole area of the draft tube wall as shown in Figure A-4.1, was glued to the 
inner draft tube wall.   
The fluidized bed, without any particles, was run at a fluidizing air velocity rate 
equal to that used in the pulse test.  Then the colored solution was sprayed into the 
fluidizing bed for a few minutes, during which the direction of the spray material and the 
spray shape were carefully observed.   
 
Blotting paper 
Draft tube 
 
 
Spray nozzle 
 
 
 
 
 
 
 
 
Figure A-4.1: Schematic diagram shows blotting paper on the draft tube wall.  
The results are as follows: 
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• The blotting paper was wet and stained by the colored solution all over the draft 
tube region.  This shows that there was no specific area or spot concentrated with 
spray material.   
• The traces of colored solution on the blotting paper indicated that spray flowed 
vertically from the bottom to the top of the bed, as shown in Figure A-4.2.    
• From visual observation at the front face of the glass wall of the semi-circular 
fluidized bed, the cloud of spray material close to the spray nozzle formed a cone 
shape.  The spray material flowed at a certain angle axially from the spray nozzle.  
The angle of the spray material flow slowly changed until it reached a certain 
distance from the bottom of the bed, the direction of the flow was then vertically 
upward as shown in Figure A-4.3.  This demonstrated that, the fluidizing air flow 
rate, which is greater than the flow rate of the atomizing air (through the spray 
nozzle) dragged the spray material upwards. 
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Figure A-4.2: Schematic diagram illustrates the trace of spray material on the blotting 
paper. 
 
 Draft tube 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-4. 3: The arrows indicate the flow direction of the spray material in the vicinity 
of the spray zone during the bed was fluidizing. 
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Appendix V 
Spray Test Report  
A semi-circular two-fluid nozzle was sent to Spraying System Co. to determine 
the spray characteristics when spraying a 1:1 ratio of Aquacoat ECD-ethyl cellulose 
solution and water.  The objectives of the test were: 
• To evaluate the spray pattern of the spray nozzle configuration as used in the 
coating process. 
• To determine the effect of experimental operating parameters: coating solution 
flow rate and atomizing pressure on spray-pattern uniformity and drop size. 
 
The tests consisted of two parts; droplet size analysis and volume flux 
measurement.  However, only the volume flux data were used in the present work.  A 
traditional single dimension patternator was used to measure the volumetric distribution 
using 1 in.2 x 7.5 in. collection channel.  The nozzle was centered directly above a 
channel divider at a distance of 5.5 in.  In order to provide a wide enough collection area 
to ensure that the entire spray was captured, the volumetric collection tubes were 
positioned to 12 in. on both sides of the nozzle.  The nozzle was spraying from the zero 
position along the axis of measurement for 5 minutes.   
 
The results of the test can be summarized as follows: 
• The spray density varies axially from the spray nozzle and does not have a 
symmetric spray pattern.   
• The spray density varies at different atomizing air pressure.  Figure A-5.1, A-5.2, 
and A-5.3 show the overall spray distribution obtained by the experiment for 30, 
40 and 50 psi atomizing air respectively.  
• The spray angle decreases as the air pressure is increased. 
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Figure A-5.1: The spray distribution for 30 psi atomizing air pressure. 
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Figure A-5.2: The spray distribution of 40 psi atomizing air pressure 
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Figure A-5.3: The spray distribution of 50 psi atomizing air pressure. 
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Appendix VI 
Subramanian’s Experimental Matrix 
 
Table A-6.1: Experimental matrix for the velocity and voidage profile study 
(Subramanian, 2001). 
Deflector Type 
Run Distributor Plate 
Gas Flow 
(m3/s) 
Gap 
Height 
(m) Deflector Modified Deflector 
No 
Deflector 
1 1 0.0649 0.027 (“1”) Y - - 
2 1 0.0684 0.027 (“1”) - Y - 
3 1 0.0686 0.027 (“1”) - - Y 
4 1 0.0695 0.074 (“2”) Y - - 
5 1 0.0684 0.074 (“2”) - Y - 
6 1 0.0707 0.074 (“2”) - - Y 
7 2 0.0684 0.074 (“2”) - - Y 
8 1 0.0766 0.074 (“2”) - Y - 
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Appendix VII 
Sample Calculation for the Uniform Voidage/Velocity Data  
 
Original voidage data in each section  
66 
ε ε ε ε ε 66 
67 
 67 
68 
 68 
69 
 69 
70 
70 
… … … … … 
11 
ε ε ε ε ε 11 
12 
 12 
13 
 13 
14 
 14 
15 
 15 
6 
ε ε ε ε ε 6 
7 
 7 
8 
 8 
9 
 9 
10 
 10 
Section number 
Voidage data 
 
65
... 7076
ave
εεε
ε
+++
=  
 
 
 
Uniform voidage data in each section  
66 
ε ε ε ε ε ave 
67 
 ave 
68 
 ave 
69 
 ave 
70 
 ave 
… … … … … 
11 
ε ε ε ε ε ave 
12 
 ave 
13 
 ave 
14 
 ave 
15 
 ave 
6 
ε ε ε ε ε ave 
7 
 ave 
8 
 ave 
9 
 ave 
10 
 ave 
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APPENDIX VIII 
Chi-square Analysis 
 
Table A-8.1: Chi-square analysis between experimental pulse test data and simulation 
results for No-Deflector case using Case I spray distribution.   
* Data in this table is taken from data used in Figure 5.28. 
Data Observed (O) 
EXPERIMENT* 
Expected (E) 
SIMULATION* 
O-E 
 
(O-E)2 
 
X2[(O-E)2]/E 
 
1 25 23 2 4 0.17391304 
2 58 50 8 64 1.28 
3 13 14 -1 1 0.07142857 
4 2 7 -5 25 3.57142857 
5 1 3 -2 4 1.33333333 
6 1 1 0 0 0 
7 0 1 -1 1 1 
    Total 7.43010352 
Degree of Freedom (df)  =   (# rows – 1) (# column – 1) 
    = (7-1) (2-1) 
    = 6 
The critical values for Chi-square distribution with 6 degree of freedom at P < 0.05 is 
12.592.  Comparing this value with the calculated value of 7.4301, therefore we can say 
that the results from those two groups of data namely ‘simulation’ and ‘experiment’ are 
not statistically significant.  
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Appendix IX 
Visual Basic ® Program 
Below are the code used in the program.  Note that the declaration of the variables was 
made in the separate module, which is not shown here.   
 
1. Code for the calculation of the particle movement as well as the amount of 
spray received by the particle. 
 
'THIS PROGRAM IS TO CALCULATE THE SPRAY FRACTION RECEIVED BY 
PARTICLES IN ONE PATH THRU THE SPRAY ZONE 
 
Private Sub cmdCalculate_Click() 
Randomize 
 
‘To open the input data from the text file  
counter = Val(frmOpenData.txtRecNo) 
frmOpenData.grdData.Col = 1 
For e = 1 To counter Step 1 
    frmOpenData.grdData.Row = e 
    v(e) = Val(frmOpenData.grdData.Text) ‘local velocity in the y-direction 
Next e 
 
frmOpenData.grdData.Col = 2 
For e = 1 To counter Step 1 
    frmOpenData.grdData.Row = e 
    sy(e) = Val(frmOpenData.grdData.Text) ‘stdev. of the local velocity in the y-direction 
Next e 
 
frmOpenData.grdData.Col = 3 
For e = 1 To counter Step 1 
    frmOpenData.grdData.Row = e 
    u(e) = Val(frmOpenData.grdData.Text) ‘local velocity in the x-direction 
Next e 
 
frmOpenData.grdData.Col = 4 
For e = 1 To counter Step 1 
    frmOpenData.grdData.Row = e 
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    sx(e) = Val(frmOpenData.grdData.Text)  ‘stdev of the local velocity in the x-direction 
Next e 
frmOpenData.grdData.Col = 5 
For e = 1 To counter Step 1 
    frmOpenData.grdData.Row = e 
    VOID(e) = Val(frmOpenData.grdData.Text) ‘local voidage  
Next e 
 
'USER INPUT: NUMBER OF PARTICLES IN SIMULATION 
PAR = Val(txtParticle)  
 
For SIM = 1 To PAR 
dt = 0.001 ‘ 
NM = 170 'number of movements per particle 
NB = 70    'number of boxes/sections/grids of the semi-circular fluidized bed 
Dp = 0.687 * 190 'To convert mm to grid: Sphrerical particle diameter = 8 mm 
radius = Dp / 2 
msdot = 8.9 'Spray flowrate, mg/s 
 
pi = 4 * Atn(1) 
ATab = pi * (radius ^ 2)  'Area of spherical tablet 
ADTube = pi * ((2.5 * 380) ^ 2) / 2 'Area of draft tube region 
 
'ASSIGN THE BOUNDARY VALUES FOR EACH BOX/SECTION/GRID 
yzero = 6400 
yvert(0) = yzero 
 
    For yv = 1 To 15 
    yvert(yv) = yzero - (380 * yv) ‘one box = 2 cm = 380 pixels 
    Next yv 
ycent = yvert(1) 
 
    xzero = 700 
    xhor(0) = xzero 
    xcent = xzero + (380 * 2.5) 
        For xh = 1 To 5 
        xhor(xh) = xzero + (380 * xh) 
        Next xh 
    xend = xhor(5) 
 
 
     
'SPECIFY STARTING LOCATION 
 
'1)   Calculate probability function 
rad1 = 5 ‘outer radius of section 1 in cm 
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rad2 = 3 ‘outer radius of section 2 in cm 
rad3 = 1 ‘outer radius of section 3 in cm 
rad4 = 3 ‘outer radius of section 4 in cm 
rad5 = 5 ‘outer radius of section 5 in cm 
 
‘Mass flowrate, unit=m3/s 
    mf(1) = pi / 4 * ((rad1 ^ 2) - (rad2 ^ 2)) * v(1 + 5) * (1 - VOID(1 + 5)) * 100  
     mf(2) = pi / 4 * ((rad2 ^ 2) - (rad3 ^ 2)) * v(2 + 5) * (1 - VOID(2 + 5)) * 100 
     mf(3) = pi / 4 * ((rad3 ^ 2)) * v(3 + 5) * (1 - VOID(3 + 5)) * 100 
     mf(4) = pi / 4 * ((rad4 ^ 2) - (rad3 ^ 2)) * v(4 + 5) * (1 - VOID(4 + 5)) * 100 
     mf(5) = pi / 4 * ((rad5 ^ 2) - (rad4 ^ 2)) * v(5 + 5) * (1 - VOID(5 + 5)) * 100 
   TM = mf(1) + mf(2) + mf(3) + mf(4) + mf(5) 
          
PRB(0) = 0 
         For bil = 1 To 5 
         PRB(bil) = (mf(bil) / TM) + PRB(bil - 1) 
             S(bil) = (PRB(bil) - PRB(bil - 1)) / (bil - (bil - 1)) 'slope of the line 
             c(bil) = PRB(bil) - (S(bil) * bil) 'intersect at y-axiz: c=y-mx 
        Next bil 
 
'2)   Generate uniform random numbers 0< z < 1 to determine a starting point 
Randomize 
100     Z = Rnd 
 
'OPTION: Enable - Manually select a number between 0-1 to manually determine the 
starting point at equal distance 
'For ZS = 1 To PAR 
'Z(ZS) = ZS / PAR 
'Next ZS                    
'        If ZZ(SIM) > PRB(yeL - 1) And ZZ(SIM) <= PRB(yeL) Then 
'            py(0) = yzero - 380 
'            xx = ((ZZ(SIM) - c(yeL)) / S(yeL)) * 380 'X=(Y-C)/S 
'            px(0) = xzero + xx 
'            BX = yeL + 5 
'        End If 
 
For yeL = 1 To 5 
                If Z > PRB(yeL - 1) And Z <= PRB(yeL) Then 
                    py(0) = yzero - 380 
                    xx = ((Z - c(yeL)) / S(yeL)) * 380 'X=(Y-C)/S 
                    px(0) = xzero + xx 
                    BX = yeL + 5 
                End If 
Next yeL 
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'PARTICLE MOVEMENT CALCULATION 
 
'1)   Calculate unit normal random numbers Y(rn) 
rn = 0 
500 rn = rn + 1 
     X1 = Rnd * 2 - 1 
     X2 = Rnd * 2 - 1 
         r = (X1 ^ 2) + (X2 ^ 2) 
If r <= 1 Then 
      Y1(rn) = X1 * ((-2 * Log(r) / r) ^ 0.5) 
      Y2(rn) = X2 * ((-2 * Log(r) / r) ^ 0.5) 
Else 
510  rn = rn - 1 
End If 
     If rn = NM + 1 Then GoTo 600 
GoTo 500 
     
600 'Continue 
                 
KOT(1) = BX 
LOKASI = px(0) 
LOC(SIM) = LOKASI 
If px(0) < xcent Then rr0(SIM) = xcent - px(0) 
If px(0) > xcent Then rr0(SIM) = px(0) - xcent 
 
rin = Rnd  ‘to assign a random number so that can be used to randomly select the line 
color for each particle. 
 
 
 
'Start a PARTICLE MOVEMENT loop 
For m = 1 To NM 
 
'Velocity 
Vy(m) = (sy(KOT(m)) * Y2(m)) + v(KOT(m)) 
Vx(m) = (sx(KOT(m)) * Y1(m)) + u(KOT(m)) 
 
'Calc next point - Delta X 
px(m) = px(m - 1) + (Vx(m) * 100 * 190 * dt) 
py(m) = py(m - 1) - (Vy(m) * 100 * 190 * dt) 
 
If py(m) < 700 Then GoTo 5000 
 
'Specify the particle location (which box/section/grid) – outside of the spray zone 
    'Horizontal test 
    For J = 1 To 5 
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        If px(m) >= xhor(J - 1) And px(m) < xhor(J) Then 
        HL = J 
        End If 
    Next J 
    
    'Vertical test 
    For k = 1 To 15 
        If py(m) < yvert(k - 1) And py(m) >= yvert(k) Then 
        VL = k 
        End If 
    Next k 
         
       boox(m) = ((VL - 1) * 5) + HL 
        KOT(m + 1) = boox(m)  ‘the box/section/grid number at which the particle is 
located 
          
'Particle Collision with wall 
If px(m) < 700 Then px(m) = 700 + (700 - px(m)) 
If px(m) > (700 + (380 * 5)) Then px(m) = (700 + (380 * 5)) - ((px(m) - (700 + (380 * 
5)))) 
    If py(m) > 6020 Then py(m) = 6020 
    'If py(m) < 6020 - (380 * 15) Then py(m) = 6400 - (380 * 15) 
                     
 
 
2000    ' SPRAY ZONE:  CALCULATING SPRAY MATERIAL DEPOSITED ONTO THE  
PARTICLE 
               
        'To calc length of center line CO 
            CO(m) = ycent - py(m)  ‘discretize normal to the bottom of the bed 
        
        'To specify each point of the divided section of spray 
2200    DIVV(m) = CO(m) / 2 
            DIV = DIVV(m) 
            
 'To discretize the projected spray area 
DivLine(0) = 0 
For kt = 1 To DIV 
                DivLine(kt) = (CO(m) / DIV * kt) 
                DivCtrPt(kt) = ((DivLine(kt) - DivLine(kt - 1)) / 2) + DivLine(kt - 1) 
                PtY(kt) = ycent - DivCtrPt(kt) 
                PtX(kt) = px(m) 
                 
                'Specify the particle location (which box/section/grid) – in the spray zone 
                'Horizontal test 
                For JK = 1 To 5 
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                    If PtX(kt) >= xhor(JK - 1) And PtX(kt) < xhor(JK) Then 
                    HLK = JK 
                    End If 
                Next JK 
    
                'Vertical test 
                For kK = 1 To 15 
                    If PtY(kt) < yvert(kK - 1) And PtY(kt) >= yvert(kK) Then 
                    VLK = kK 
                    End If 
                Next kK 
         
                bK(kt) = ((VLK - 1) * 5) + HLK ‘the box/section/grid number at which the 
particle is located 
                                   
                'To calculate volume of section k 
                Area(0) = 0 
                rR(kt) = radius 
                Area(kt) = pi * rR(kt) ^ 2  'Cross sectional area of section k 
                Vol(kt) = Area(kt) * DivLine(kt)  'Volume of all the section up to section k 
                VolSec(kt) = Vol(kt) - Vol(kt - 1) 'Volume of section k only 
                                          
                'To calc fraction of spray passes thru section k 
                Vp(kt) = VolSec(kt) * (1 - VOID(bK(kt))) 'Vp is the vol. of particle in sect. k 
                Np(kt) = Vp(kt) / ((pi * ((Dp) ^ 3)) / 6)  'Np is the # of particles in section k 
                Ap(kt) = Np(kt) * (pi / 4 * (Dp ^ 2)) 'Projected Surface Area in section k 
                AveArea(kt) = (Area(kt) + Area(kt - 1)) / 2 
                f(kt) = 1 - (Ap(kt) / AveArea(kt)) 'Fraction of spray in section k 
                FS(0) = 1 
                FS(kt) = f(kt) * FS(kt - 1)  'Total fraction of spray in section k 
Next kt 
 
 
'Spray density is not uniform  
If px(m) > 700 And px(m) < (700 + (190 * 1)) Then GoTo 2901 
If px(m) > (700 + (190 * 1)) And px(m) < (700 + (190 * 2)) Then GoTo 2902 
If px(m) > (700 + (190 * 2)) And px(m) < (700 + (190 * 3)) Then GoTo 2903 
If px(m) > (700 + (190 * 3)) And px(m) < (700 + (190 * 4)) Then GoTo 2904 
If px(m) > (700 + (190 * 4)) And px(m) < (700 + (190 * 5)) Then GoTo 2905 
If px(m) > (700 + (190 * 5)) And px(m) < (700 + (190 * 6)) Then GoTo 2906 
If px(m) > (700 + (190 * 6)) And px(m) < (700 + (190 * 7)) Then GoTo 2907 
If px(m) > (700 + (190 * 7)) And px(m) < (700 + (190 * 8)) Then GoTo 2908 
If px(m) > (700 + (190 * 8)) And px(m) < (700 + (190 * 9)) Then GoTo 2909 
If px(m) > (700 + (190 * 9)) And px(m) < (700 + (190 * 10)) Then GoTo 2910 
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‘OPTION FOR SPRAY DISTRIBUTION TO BE USED 
DIS = Val(txtDistribution) 
If DIS = 1 Then GoTo 2800 
IF DIS = 2 Then GoTo 2900 
 
‘Spray fraction is given in each segment (segment=section/2)   
 
2800 ‘Case I:  Spray Distribution:   
2801    SpDist = 0.2276 
         radist2 = 2.5 * 380  
         radist1 = 2 * 380 
         GoTo 2990 
 
2802    SpDist = 0.05632 
radist2 = 2 * 380 
         radist1 = 1.5 * 380 
         GoTo 2990 
 
2803  SpDist = 0.0725 
         radist2 = 1.5 * 380 
         radist1 = 1 * 380 
         GoTo 2990 
 
2804  SpDist = 0.0886 
         radist2 = 1 * 380 
         radist1 = 0.5 * 380 
         GoTo 2990 
 
2805  SpDist = 0.0852 
        radist2 = 0.5 * 380 
         radist1 = 0 * 380 
         GoTo 2990 
 
2806  SpDist = 0.0782 
         radist2 = 0.5 * 380 
         radist1 = 0 * 380 
         GoTo 2990 
 
2807  SpDist = 0.0748 
         radist2 = 1 * 380 
         radist1 = 0.5 * 380 
         GoTo 2990 
 
2808  SpDist = 0.0639 
 133   
         radist2 = 1.5 * 380 
         radist1 = 1 * 380 
         GoTo 2990 
 
2809  SpDist = 0.0531 
         radist2 = 2 * 380 
         radist1 = 1.5 * 380 
         GoTo 2990 
 
2810  SpDist = 0.1996 
         radist2 = 2.5 * 380 
         radist1 = 2 * 380 
         GoTo 2990 
         
2900 'Case II Spray distribution  
2901    SpDist = 0.0562 
         radist2 = 2.5 * 380 
         radist1 = 2 * 380 
         GoTo 2990 
 
2902   SpDist = 0.0651 
         radist2 = 2 * 380 
         radist1 = 1.5 * 380 
         GoTo 2990 
 
2903  SpDist = 0.163 
         radist2 = 1.5 * 380 
         radist1 = 1 * 380 
         GoTo 2990 
 
2904  SpDist = 0.2076 
         radist2 = 1 * 380 
         radist1 = 0.5 * 380 
         GoTo 2990 
 
2905  SpDist = 0.2178 
         radist2 = 0.5 * 380 
         radist1 = 0 * 380 
         GoTo 2990 
 
2906  SpDist = 0.0754 
         radist2 = 0.5 * 380 
         radist1 = 0 * 380 
         GoTo 2990 
 
2907  SpDist = 0.0708 
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         radist2 = 1 * 380 
         radist1 = 0.5 * 380 
         GoTo 2990 
2908  SpDist = 0.0598 
         radist2 = 1.5 * 380 
         radist1 = 1 * 380 
         GoTo 2990 
 
2909  SpDist = 0.0496 
         radist2 = 2 * 380 
         radist1 = 1.5 * 380 
         GoTo 2990 
 
2910  SpDist = 0.0348 
         radist2 = 2.5 * 380 
         radist1 = 2 * 380 
         GoTo 2990 
 
2990 ffin(m) = FS(DIV) * msdot * ATab / (pi / 4 * ((radist2 ^ 2) - (radist1 ^ 2))) * SpDist 
* dt  ‘amount of spray material deposited onto particle during one movement/step, 
mg/tablet 
 
ffin(0) = 0 
FFinal(0) = 0 
FEnd(m) = (ffin(m) + ffin(m - 1)) / 2 'F average between ffin(m) and ffin(m-1) 
FFinal(m) = FEnd(m) + FFinal(m - 1) 
Frac = FFinal(m)  ‘Total amount of spray material deposited onto particle per path, 
mg/tablet 
 
 
'TO PRINT SPRAY MATERIAL IN THE SPRAY ZONE:  255 is for blue color, whose 
intensities vary with different amount of spray material received. 
 
        If FFinal(m) < 0.9 And FFinal(m) > 0.8 Then hh = 255 
        If FFinal(m) < 0.79 And FFinal(m) > 0.7 Then hh = 255 - 10 
        If FFinal(m) < 0.69 And FFinal(m) > 0.6 Then hh = 255 - 20 
        If FFinal(m) < 0.59 And FFinal(m) > 0.5 Then hh = 255 - 30 
        If FFinal(m) < 0.49 And FFinal(m) > 0.4 Then hh = 255 - 40 
        If FFinal(m) < 0.39 And FFinal(m) > 0.3 Then hh = 255 - 50 
        If FFinal(m) < 0.29 And FFinal(m) > 0.2 Then hh = 255 - 60 
        If FFinal(m) < 0.19 And FFinal(m) > 0.1 Then hh = 255 - 70 
        If FFinal(m) < 0.099 And FFinal(m) > 0.09 Then hh = 255 - 80 
        If FFinal(m) < 0.089 And FFinal(m) > 0.08 Then hh = 255 - 90 
        If FFinal(m) < 0.079 And FFinal(m) > 0.07 Then hh = 255 - 100 
        If FFinal(m) < 0.069 And FFinal(m) > 0.06 Then hh = 255 - 110 
        If FFinal(m) < 0.059 And FFinal(m) > 0.05 Then hh = 255 - 120 
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        If FFinal(m) < 0.049 And FFinal(m) > 0.04 Then hh = 255 - 130 
        If FFinal(m) < 0.039 And FFinal(m) > 0.03 Then hh = 255 - 140 
        If FFinal(m) < 0.029 And FFinal(m) > 0.02 Then hh = 255 - 150 
        If FFinal(m) < 0.019 And FFinal(m) > 0.01 Then hh = 255 - 160 
        If FFinal(m) < 0.0099 And FFinal(m) > 0.009 Then hh = 255 - 170 
        If FFinal(m) < 0.0089 And FFinal(m) > 0.008 Then hh = 255 - 180 
        If FFinal(m) < 0.0079 And FFinal(m) > 0.007 Then hh = 255 - 190 
        If FFinal(m) < 0.0069 And FFinal(m) > 0.006 Then hh = 255 - 200 
        If FFinal(m) < 0.0059 And FFinal(m) > 0.005 Then hh = 255 - 210 
        If FFinal(m) < 0.0049 And FFinal(m) > 0.004 Then hh = 255 - 220 
        If FFinal(m) < 0.0039 And FFinal(m) > 0.003 Then hh = 255 - 230 
        If FFinal(m) < 0.0029 And FFinal(m) > 0.002 Then hh = 255 - 240 
        If FFinal(m) < 0.0019 And FFinal(m) > 0# Then hh = 255 - 250 
 
frmLine.DrawMode = 4 ‘specify the style of the line of movements 
frmLine.DrawWidth = 3 ‘specify size of the line of movements 
frmLine.Line (px(m), py(m))-(px(m - 1), py(m - 1)), RGB(hh, hh, 0) ‘specify the line and 
the(blue) line intensity depends on the amount of spray received. 
 
GoTo 4000 
   
3000 ' Continue 
 
‘TO PRINT LINE OF PARTICLE MOVEMENT OUTSIDE OF SPRAY ZONE (FOR A 
MODEL WITH A CERTAIN SHAPE OF SPRAY ZONE)       
   
'To print line of movement 
    frmLine.DrawMode = 4  ‘specify the style of the line of movements 
    frmLine.DrawWidth = 3  ‘specify size of the line of movements 
 
ccode = 15 * rin 
frmLine.Line (px(m), py(m))-(px(m - 1), py(m - 1)), QBColor(ccode)  ‘specify the line 
and the line color randomly varies with particle. 
 
4000 'Continue 
 
Next m ‘ to simulate the next movement/step 
 
'To write the calculated data in a form  
FSIM(SIM) = Frac 
frmDistribution.grdFracSpray.Row = SIM 
    frmDistribution.grdFracSpray.Col = 2 
    frmDistribution.grdFracSpray.Text = Format(Frac, "##0.#000000000") 
        frmDistribution.grdFracSpray.Col = 1 
        frmDistribution.grdFracSpray.Text = rr0(SIM) 
            frmDistribution.grdFracSpray.Col = 0 
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            frmDistribution.grdFracSpray.Text = LOC(SIM) 
 
GoTo 5000 
 
 
5000 Next SIM  ‘to simulate another particle  
 
frmDistribution.Show 
frmLine.txtnopart = Val(txtParticle) 
 
'AUTOMATICALLY SAVE CALC. DATA IN AN OUTPUT FILE  
Open "d:\fall02\UpwardSpray\ModDef-ATabADTubeOvDist-p10000-8.9" For Output 
As #500  'Open file for OUTPUT: Pls change to your desired destination file 
       For i = 1 To PAR Step 1 
       Write #500, LOC(i), rr0(i); FSIM(i) 
       Next 
Close #500 
 
End Sub 
